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CHAPTER 1: Introduction, Measurement, Estimating 


Responses to Questions 

[T] (a) A particular person’s foot. Merits: reproducible. Drawbacks: not accessible to the general 

public; not invariable (could change size with age, time of day, etc.); not indestructible. 

(b) Any person’s foot. Merits: accessible. Drawbacks: not reproducible (different people have 
different size feet); not invariable (could change size with age, time of day, etc.); not 
indestructible. 

Neither of these options would make a good standard. 

2. The number of digits you present in your answer should represent the precision with which you 
know a measurement; it says very little about the accuracy of the measurement. For example, if you 
measure the length of a table to great precision, but with a measuring instrument that is not 
calibrated correctly, you will not measure accurately. 

3. The writers of the sign converted 3000 ft to meters without taking significant figures into account. 

To be consistent, the elevation should be reported as 900 m. 

4. The distance in miles is given to one significant figure and the distance in kilometers is given to five 
significant figures! The figure in kilometers indicates more precision than really exists or than is 
meaningful. The last digit represents a distance on the same order of magnitude as the car’s length! 

5. If you are asked to measure a flower bed, and you report that it is “four,” you haven’t given enough 
information for your answer to be useful. There is a large difference between a flower bed that is 4 m 
long and one that is 4 ft long. Units are necessary to give meaning to the numerical answer. 

6. Imagine the jar cut into slices each about the thickness of a marble. By looking through the bottom 
of the jar, you can roughly count how many marbles are in one slice. Then estimate the height of the 
jar in slices, or in marbles. By symmetry, we assume that all marbles are the same size and shape. 
Therefore the total number of marbles in the jar will be the product of the number of marbles per 
slice and the number of slices. 

[ 7 ] You should report a result of 8.32 cm. Your measurement had three significant figures. When you 
multiply by 2, you are really multiplying by the integer 2, which is exact. The number of significant 
figures is determined by your measurement. 

8. The correct number of significant figures is three: sin 30.0° = 0.500. 

9. You only need to measure the other ingredients to within 10% as well. 

10. Useful assumptions include the population of the city, the fraction of people who own cars, the 
average number of visits to a mechanic that each car makes in a year, the average number of weeks a 
mechanic works in a year, and the average number of cars each mechanic can see in a week. 

(a) There are about 800,000 people in San Francisco. Assume that half of them have cars. If each of 
these 400,000 cars needs servicing twice a year, then there are 800,000 visits to mechanics in a 
year. If mechanics typically work 50 weeks a year, then about 16,000 cars would need to be 
seen each week. Assume that on average, a mechanic can work on 4 cars per day, or 20 cars a 
week. The final estimate, then, is 800 car mechanics in San Francisco. 

( b ) Answers will vary. 
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Sun a- 


Venus 


1 1 . One common way is to observe Venus at a 
time when a line drawn from Earth to Venus 
is perpendicular to a line connecting Venus 
to the Sun. Then Earth, Venus, and the Sun 
are at the vertices of a right triangle, with 
Venus at the 90° angle. (This configuration 
will result in the greatest angular distance 
between Venus and the Sun, as seen from 
Earth.) One can then measure the distance to 
Venus, using radar, and measure the angular distance between Venus and the Sun. From this 
information you can use trigonometry to calculate the length of the leg of the triangle that is the 
distance from Earth to the Sun. 


-6 


Earth 


12. No. Length must be included as a base quantity. 


Solutions to Problems 


[l] (a) 14 billion 


years = 


1.4 xlO 10 years 


(. b ) (l.4xl0 10 y)(3.156xl0 7 s/l y) : 


4.4x10 s 


(a) 214 
(. b ) 81.60 

(c) 7.03 

(d) 0.03 


3 significant figures 


4 significant figures 


3 significant figures 


1 significant figure 


( e ) 0.0086 2 significant figures 

(/) 3236 4 significant figures 


(g) 8700 2 significant figures 


3. (a) 1.156 = |l.l56xl0 

0 b ) 21.8 = 


2.18x10* 


(c) 0.0068 = 

(d) 328.65 = 

(e) 0.219 = 

(/) 444 = 


6.8x10“ 


3.2865x10 


2.19x10“ 


4.44x10“ 


4. (a) 8.69x10 = 86,900 


(. b ) 9.1x10=9,100 


(c) 8.8x10“' = 0.88 
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(d) 4.76X10 2 =|476 

(e) 3.62x10 5 = 


0.0000362 


5. % uncertainty = m xl00% = |4.6% 

5.48 m 


6. (a) % uncertainty = ■ 


(b) % uncertainty = 


(c) % uncertainty = 


0.2 s 
5 s 
0.2 s 
50 s 
0.2 s 
300 s 


-xl00% = 


4% 


-xl00%= 0.4% 


xl00% = 0.07% 


[ 7 ] To add values with significant figures, adjust all values to be added so that their exponents are all the 
(9.2x10 3 s) + (8.3x10 4 s) + (0.008x10 6 s) = (9.2x10 3 s) + (83x10 3 s) + (8x10 3 s) 


same. 


= (9.2 + 83 + 8)x10 3 s = 100.2xl0 3 s = 


l.OOxlO’s 


When adding, keep the least accurate value, and so keep to the “ones” place in the last set of 
parentheses. 


8. (2.079 x 10 2 m) (0.082 x 10~' ) = 


1.7 m 


. When multiplying, the result should have as many digits as 


the number with the least number of significant digits used in the calculation. 


# (radians) 

sin( Q ) 

tan( 6 ) 


0 

0.00 

0.00 

Keeping 2 significant figures in the angle, and 

0.10 

0.10 

0.10 

expressing the angle in radians, the largest angle that has 

0.12 

0.12 

0.12 

the same sine and tangent is 0.24 radians . In degrees, 

0.20 

0.20 

0.20 

the largest angle (keeping 2 significant figure) is 12°. 

0.24 

0.24 

0.24 

The spreadsheet used for this problem can be found on 

0.25 

0.25 

0.26 

the Media Manager, with filename 
“PSE4_1SM_CH01.XLS,” on tab “Problem 1.9.” 


10. To find the approximate uncertainty in the volume, calculate the volume for the minimum radius and 
the volume for the maximum radius. Subtract the extreme volumes. The uncertainty in the volume 
is then half this variation in volume. 

V T , = \nr = 4^(0. 84m) 3 = 2.483m 3 

specified 3 specified 3 \ / 

V. =\7tr\ =^(0.80m) 3 = 2.145m 3 

V =\nr l =^(0.88m) 3 = 2.855m 3 

max 3 max 3 \ / 

AF = HV^~V mm ) = {(2.855m 3 -2.145m 3 ) = 0.355m 3 


The percent uncertainty is 


AV 


V 


specified 


0.355 m 3 
2.483 m 3 


xlOO = 14.3 


14% 
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11. (a) 

286.6 mm 

(b) 

85 ftV 

(c) 

760 mg 

id) 

60.0 ps 

(e) 

22.5 fin 

if) 

2.50 gigavolts 

12. (a) 

1 x 1 0 6 volts 

(b) 

2x1 0' 9 meters 

(c) 

6x1 0 3 days 

id) 

18xl0 2 bucks 

ie) 

8xl0~ s seconds 


286.6xl(T , m 
85x10~ 6 V 
760x1 O' 6 kg 
60.0x10“ I2 s 
22.5xl0” 15 m 
2.5 xlO 9 volts 


0.2866 m 


0.000085 V 


0.00076 kg 


(if last zero is not significant) 


0.0000000000600 s 
0.0000000000000225 m 
2,500,000,000 volts 


1 megavolt 

= 1 Mvolt 

2 micrometers 

= 2/um 

6 kilodays 

= 6 kdays 

1 8 hectobucks 

= 1 8 hbucks 

80 nanoseconds = 80 ns 


13. Assuming a height of 5 feet 10 inches, then 5'10" = (70 in)(l m/39.37 in) = 1.8 m . Assuming a 


weight of 165 lbs, then (165 lbs) (0.456 kg/l lb) = 75.2 kg . Technically, pounds and mass 


measure two separate properties. To make this conversion, we have to assume that we are at a 
location where the acceleration due to gravity is 9.80 m/s 2 . 


14. (a) 93 million miles = (93 xlO 6 miles) (1610 m/l mile) = 


1.5x10 m 


(b) 1.5xlO n m = 150xl0 9 m = 150 gigameters or 1 .5 x 1 0 m = 0. 1 5 x 1 0 m = 1 0. 1 5 terameters 


15. (a) 1 ft 2 = (l ft 2 )(l yd/3 ft)' = 0.1 1 1 yd 2 , and so the conversion factor is 
( b ) lm ! =(lm 2 ) (3.28 ft/l m)' = 10.8 ft 2 , and so the conversion factor is 


0.111yd 2 


1 ft 2 


10.8 ft 2 


lm 2 


16. Use the speed of the airplane to convert the travel distance into a time, d = vt , so t - d/v 
t - d/v = 1.00 km[ 


A lh V 3600s^ 


950 km 


1 h 


3.8s 


17. (a) 1.0xl0“ 10 m = (l.0xl0“ 10 m)(39.37 in/l m) = 


3.9xl0' 9 in 


( b ) (l.O cm) 


1 m 

100 cm 


1 atom 

U.OxlO~ 10 m/ 


1.0x10 atoms 
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18. To add values with significant figures, adjust all values to be added so that their units are all the 
same. 

1.80 m + 142.5 cm + 5.34x1 0 5 jum = 1.80 m + 1.425 m + 0.534 m = 3.759 m - 
When adding, the final result is to be no more accurate than the least accurate number used. In this 
case, that is the first measurement, which is accurate to the hundredths place when expressed in 
meters. 


3.76 m 


19 


(a) 


C b ) 


(c) 


(lkm/h) 


f 0.621 mi" 
v 1 km j 


0.621 mi/h , and so the conversion factor is 


0.621mi/h 
1 km/h 


(l m/s) 


f 3.28 ft" 
V 1 m ) 


3.28 ft/ s , and so the conversion factor is 


3.28 ft/s 
lm/s 


(lkm/h) 


( 1000 m"| 

f lh 1 

v 1 km y 

V3600 s J 


0.278 m/s , and so the conversion factor is 


0.278 m/s 
lkm/h 


20. One mile is 1.61 xlOm . It is 110 m longer than a 1500-m race. The percentage difference is 
calculated here. 

110 m 


1500 m 


-xl00% = 7.3% 


21. ( a ) Find the distance by multiplying the speed times the time. 

1.00 ly = (2.998 x10 s m/s) (3.156 xl0 7 s) = 9.462x10' 
( b ) Do a unit conversion from ly to AU. 


m 


9.46x10 m 


(1.00 ly) 


(c) (2.998x10 s m/s) - 
V 1 


9.462 xl0 15 m 
1.00 ly 


1 AU 


1 AU 


1.50x10 m ) 


6.31x10 AU 


.50x10“ m 


3600 s 'j 
1 hr 


7.20 AU/h 


22. (82 x lO’bytes) x x 


1 char 1 min 1 hour 1 day 


x- 


-x- 


-X- 


1 year 


lbyte 180 char 60 min 8 hour 365.25 days 


= 2598 years = 2600 years 


23. The surface area of a sphere is found by A = 4 nr 2 = An (d/2)~ = nd 2 . 
(«) ^Mo„ n =^L„=^(3-48xl0 6 m) 2 


3.80xl0 13 m 2 


(b) 




n d; 


A, 


7rD, 


D r 


Moon V 9 Mn „n J 


A 


R 


^6.38xl0 6 m^ 2 


Moon J 


1.74xl0 6 m 


13.4 


24. (a) 2800 = 2.8x1 0 3 = lxlO 3 = 


10 3 


(. b ) 86.30X10 2 = 8.630x10 s - 10xl0 3 = 


10 4 


3 =10xl0' 3 = 


(c) 0.0076 = 7.6x10 

(d) 15.0x10 s =1.5xl0 9 ~lxl0 9 = 


10” 


10 9 
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The textbook is approximately 25 cm deep and 5 cm wide. With books on both sides of a shelf, the 
shelf would need to be about 50 cm deep. If the aisle is 1.5 meter wide, then about 1/4 of the floor 
space is covered by shelving. The number of books on a single shelf level is then 


j(3500m 2 ) 


1 book 

v (0.25 m)(0.05 m) y 


7.0 x 1 0 4 books. With 8 shelves of books, the total number of 


books stored is as follows. 


r 


7.0x10 


V 


books 
shelf level 


(8 shelves) ~ 1 6 x 1 0 5 books 


26. 


The distance across the United States is about 3000 miles. 


(3000 mi)(l km/0.621 mi)(l hr/10 km) ~ 500 hr 


Of course, it would take more time on the clock for the runner to run across the U.S. The runner 
could obviously not run for 500 hours non-stop. If they could run for 5 hours a day, then it would 
take about 1 00 days for them to cross the country. 


27. 


A commonly accepted measure is that a person should drink eight 8-oz. glasses of water each day. 
That is about 2 quarts, or 2 liters of water per day. Approximate the lifetime as 70 years. 


(70y)(365 d/ly)(2L/ld): 


5x10 4 L 


28. An NCAA-regulation football field is 360 feet long (including the end zones) and 160 feet wide, 
which is about 1 10 meters by 50 meters, or 5500 m 2 . The mower has a cutting width of 0.5 meters. 
Thus the distance to be walked is as follows. 


d = 


area 5500 m’ 


width 0.5 m 


= 11000 m = 11 km 


At a speed of 1 km/hr, then it will take about |l 1 h| to mow the field. 


29. In estimating the number of dentists, the assumptions and estimates needed are: 
the population of the city 

the number of patients that a dentist sees in a day 
the number of days that a dentist works in a year 
the number of times that each person visits the dentist each year 
We estimate that a dentist can see 10 patients a day, that a dentist works 225 days a year, and that 
each person visits the dentist twice per year. 


(a) 


For San Francisco, the population as of 2001 was about 1.7 million, so we estimate the 
population at two million people. The number of dentists is found by the following calculation. 


(2x 10'' people) 


f visits ") 


f \ 

2 

year 

( 1 yr 2 

1 dentist 

1 person 

v 225 workdays y 

10 ¥isi,s 

V ) 


v workday , 


1800 dentists 


(b) 


For Marion, Indiana, the population is about 50,00 0. The numb er of dentists is found by a 
similar calculation to that in part (a), and would be 45 dentists . There are about 50 dentists 
listed in the 2005 yellow pages. 


30. Assume that the tires last for 5 years, and so there is a tread wearing of 0.2 cm/year. Assume the 
average tire has a radius of 40 cm, and a width of 1 0 cm. Thus the volume of rubber that is 
becoming pollution each year from one tire is the surface area of the tire, times the thickness per year 
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that is wearing. Also assume that there are 1 .5 x 1 0 s automobiles in the country - approximately one 
automobile for every two people. And there are 4 tires per automobile. The mass wear per year is 
given by the following calculation. 

: _i \ 

(density of rubber) (# of tires) 


/ mass ^ 


( surface area ' 

/ thickness wear ' 

v y ear ) 

l fire ) 

v year J 


2^(0.4m)(0.1m) 


1 tire 


(0. 002 m/y)(l200kg/m 3 )(6. 0x10 s tires) = 4x10 s kg/y 


|31.| Consider the diagram shown (not to scale). The balloon is a distance h above the 
surface of the Earth, and the tangent line from the balloon height to the surface of 
the earth indicates the location of the horizon, a distance d away from the balloon. 
Use the Pythagorean theorem. 

(r + h)~ = r 1 + d~ — > r 1 + 2 rh + h 2 = r~ + d~ 

2 rh + h 2 = d 2 — > d = sflrh + h 2 


d =^2(6.4xl0 6 m)(200m) + (200m) 2 =5.1x10' 


m - 


5 x 1 0 4 m 


(=80 mi) 



32. At $1,000 per day, you would earn $30,000 in the 30 days. With the other pay method, you would 
get $0.01 (2' 1 ) on the f' day. On the first day, you get $0.01 (2 1_1 ) = $0.01 . On the second day, 

you get $0.01 ( 2 21 ) = $0.02 . On the third day, you get $0.01 (2 3-1 ) = $0.04 . On the 30 th day, you 

get $0.01 (2 30-1 ) = $5.4 x 10 6 , which is over 5 million dollars. Get paid by the second method . 


33. In the figure in the textbook, the distance d is perpendicular to the vertical radius. Thus there is a 
right triangle, with legs of d and R, and a hypotenuse of R+h. Since h « R , h 1 « 2 Rh. 

d 2 +R 2 =(R + h) 2 = R 2 +2RIt + h 2 d 2 =2Rh + h 2 d 2 ~ 2Rh 

r _ d 2 _ (4400m) 2 
2 h 2 (1.5 m) 

A better measurement gives R = 6.38 x 10 6 m. 

34. To see the Sun “disappear,” your line of sight to the top 
of the Sun is tangent to the Earth’s surface. Initially, you 
are lying down at point A, and you see the first sunset. 

Then you stand up, elevating your eyes by the height h. 

While standing, your line of sight is tangent to the 
Earth’s surface at point B, and so that is the direction to 
the second sunset. The angle d is the angle through 
which the Sun appears to move relative to the Earth 
during the time to be measured. The distance d is the 
distance from your eyes when standing to point B. 

Use the Pythagorean theorem for the following 
relationship. 

d 2 +R 2 =(R + h) 2 =R 2 + 2Rh + h 2 d 2 = 2Rh 



6.5xl0 6 m 
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The distance h is much smaller than the distance R, and so h 2 <SC 2Rh which leads to d 2 ~ 2 Rh. We 
also have from the same triangle that d/R = tan 9 , and so d = R tan 0. Combining these two 

relationships gives d 2 ~ 2Rh = R 2 tan 2 9 , and so R = \ — . 

tan 2 9 

The angle 9 can be found from the height change and the radius of the Earth. The elapsed time 
between the two sightings can then be found from the angle, knowing that a full revolution takes 24 
hours. 


R = 


2 h 


tan' 9 
9 t sec 


_> _i 

— > 9 = tan , — - tan 


12 h 

R 


2(1. 3 m) 

6.38xl0 6 m 


= (3.66x10 _2 )° 


360° 


24 hx 


3600 s 


— > 


lh 


t = 


9 


360 c 


r 


24hx- 


3600 s 


^ ^(3.66xl0 _2 )° V 


V 


lh 


360° 


24hx- 


3600s 


V 


lh 


8.8s 


35. Density units = 


mass units 
volume units 


M 


36. (a) For the equation v = At - Bt , the units of At 3 must be the same as the units of v . So the units 

]. Also, the units of Bt 


of A must be the same as the units of v/ 1 ' , which would be l/t 4 
must be the same as the units of v . So the units of B must be the same as the units of v/t , 
which would be 


l/t 2 


( b ) ForT, the SI units would be m/: 


, and for B, the SI units would be 


m/s 


37. ( a ) The quantity vt 2 has units of ( m/s) (s 2 ) = nvs , which do not match with the units of meters 

forx. The quantity 2 at has units (m/s 2 )(s) = m/s, which also do not match with the units of 


meters for x. Thus this equation cannot be correct 


(b) The quantity v 0 t has units of (m/s) (s) = m, and \at : has units of ( m/ s 2 ) (s 2 ) = m. Thus, 


since each term has units of meters, this equation |can be correct 


(c) The quantity v 0 t has units of (m/s) (s) = m, and 2 at 2 has units of (m/ s 2 ) (s 2 ) = m. Thus, 


since each term has units of meters, this equation |can be correct | . 


38. t p = . 


— > 


r l 3 n 

" ML 1 ' 

_MT 2 _ 

T 


l 2 l 2 t 5 m 

mt 2 l 5 


= It 2 ]=[t] 
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39. The percentage accuracy is 


2 m 


2x10 m 


■x 100% = 


1 x 1 0“ 5 % 


. The distance of 20,000,000 m needs to 


be distinguishable from 20,000,002 m, which means that | 8 significant figures | are needed in the 
distance measurements. 


40. Multiply the number of chips per wafer times the number of wafers that can be made from a 
cylinder. 


^ chips V 1 wafer V 250 mm 
100 


V 


wafer ) 


0.300 mm J 


1 cylinder 


83,000 


chips 


cylinder 


41. (a) # of seconds in 1.00 y: 


1.00 y = (1.00 y) 


^.^xlO^ 


( b ) # of nanoseconds in 1.00 y: 1.00 y = (1.00 y) 


(c) # of years in 1.00 s: 


1.00 s = (1.00 s) 


iy 

3.156x10 7 s^ 


iy 

iy 


3.156x10 7 s 


3.16x10 7 s 

lxl0 9 ns^ 

-[ 

1 s J 

3.17xl0~ 8 y 


3.16x10 ns 


42. Since the meter is longer than the yard, the soccer field is longer than the football field. 


1.09 yd 

L -L, = lOOmx 100yd = 9yd 

soccer football + j \ j 


lm 


L - L t = 1 00 m - 1 00 yd x 

soccer football J 


lm 


1.09 yd 


>m 


Since the soccer field is 109 yd compare to the 100-yd football field, the soccer field is 1 9% | longer 
than the football field. 


|43.| Assume that the alveoli are spherical, and that the volume of a typical human lung is about 2 liters, 
which is .002 m 3 . The diameter can be found from the volume of a sphere, \nr' . 

=±7r(d/2f 


(3xl0 8 );r^- = 2xl0' 3 m 3 d = 


6(2xl0“ 3 ) 

3xl0 8 ^ 


-m 


2 x 1 0 4 m 


44. 1 hectare = (l hectare) 


^ 1.000 xl0 4 m 2 ^ 


1 hectare 


3.281ft V T 

j v 


lm 


lacre 


4.356xl0 4 ft 2 


2.471 acres 


45. There are about 3 x 10 8 people in the United States. Assume that half of them have cars, that they 
each drive 12,000 miles per year, and their cars get 20 miles per gallon of gasoline. 


(3 xlO 8 people) 


1 automobile 
2 people 


12,000 mi/auto 

iy 


1 gallon 
20 mi 


1x10" gal/y 
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46. (a) 

(b) 

(c) 

(d) 




10 15 kg 
1 bacterium j 
10- 17 kg 


1 proton or neutron 
1 0 27 kg 


10 13 protons or neutrons 


^ b 1 proton or neutron ^ 


v 1 DNA molecule j 


10 2 kg 
v 1 human j 
f 10 41 kg ' 

1 galaxy 


KT'kg 

1 proton or neutron 
. 1 0 27 kg ' j 

1 proton or neutron ^ 
10“ 27 kg 


10° protons or neutrons 


10’ protons or neutrons 


1 O'" protons or neutrons 


47. The volume of water used by the people can be calculated as follows: 


(4xl0 4 people) 


/ 1200L/day^| 

2 365 day ^ 

^lOOOcm 3 ^ 

f 1km 

^ 4 people y 

l 1 y J 

l 1L J 

v 10 5 cm y 


= 4.38xlCT 3 km 3 /y 


The depth of water is found by dividing the volume by the area. 


, V 4.38xlCT 3 km 3 /y ( o _ _ 
d - — = 8.76x10 


50 km’ 


V 


km 

y ; 


1 0" cm 
v 1 km j 


= 8.76 cm/ y = 9 cm/ y 


48. Approximate the gumball machine as a rectangular box with a square cross-sectional area. In 

counting gumballs across the bottom, there are about 1 0 in a row. Thus we estimate that one layer 
contains about 100 gu mballs. In count ing vertically, we see that there are about 15 rows. Thus we 
estimate that there are 1500 gumballs in the machine. 


|49.| Make the estimate that each person has 1.5 loads of laundry per week, and that there are 300 million 
people in the United States. 

1.5 loads/week 52weeks 0.1kg ,„„kg 

x x - = 2.34x10 — 

1 person 1 y 1 load y 


(300xl0 6 people): 


2xl0 9 — 


50. The volume of a sphere is given by V = \nr , and so the radius is r = 


3V_ 

4 n J 


. For a 1 -ton rock, 


the volume is calculated from the density, and then the diameter from the volume. 


F = (l T) 


d = 2r = 2 


f 2000 lb"\ 

f lft3 1 

1 IT J 

v 1 86 lb J 


= 10.8 ft 3 


3V 
4 n ) 


= 2 


3(l0.8 ft 3 ) 


4 n 


= 2.74 ft = 3 ft 


51. (783.216xl0 (1 bytes)x-^^-x 


lsec lmin „ . . 

; x = 74.592 mm • 


lbyte 1.4x10 bits 60 sec 


75 min 
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52. A pencil has a diameter of about 0.7 cm. If held about 0.75 m from the eye, it can just block out the 
Moon. The ratio of pencil diameter to arm length is the same as the ratio of Moon diameter to Moon 
distance. From the diagram, we have the following ratios. 



Pencil diameter Moon diameter 

Pencil distance Moon distance 

Pencil diameter 

Moon diameter = 

Pencil distance 

The actual value is 3480 km. 


■ — > 

(Moon distance) 


— (3.8xl0 5 km) = 1 3500 km 

0.75 m v ’ 


53. To calculate the mass of water, we need to find the volume of water, and then convert the volume to 
mass. The volume of water is the area of the city (40 km 2 ) times the depth of the water (1.0 cm). 


(4x10' km 2 ) 


^ 1 0 5 cm ^ 


v 1 km j 


(1.0 cm) 


10 3 kg V 1 metric ton 


1 3 

1 cm 


10 3 kg 


4 xlO 5 metric tons 


To find the number of gallons, convert the volume to gallons. 


(4xl0‘ km 2 ) 

10 5 cm ' 

z 

(1.0 cm) 

[ 1L "j 

' 1 gal 

| = 1.06x10 s gal « 

lxl0 8 gal 

\ / 

v 1 km j 


V ' \ 

(lx 10 3 cm 3 j 

y3.78 L j 




54. A cubit is about a half of a meter, by measuring several people’s forearms. Thus the dimensions of 
Noah’s ark would be 


150 m long , 25 m wide, 15 m high . The volume of the ark is found by 


multiplying the three dimensions. 

V = (150 m) (25 m)(l5 m) = 5.625xl0 4 m 3 


6xl0 4 m 3 


55.| The person walks 4 km/h , 10 hours each day. The radius of the Earth is about 6380 km, and the 
distance around the Earth at the equator is the circumference, 2nR V/m]i . We assume that the person 
can “walk on water,” and so ignore the existence of the oceans. 


2^(6380 km) 


1 h 
4 km 


1 d 
lOh 


1x10 d 


56. The volume of the oil will be the area times the thickness. The area is nr 2 = n ( d/2) 1 , and so 


V 

V = 7i(d/2yt — » d = 2, — = 2\ 

V nt 


1000cm 3 


1 m 

100 cm 


n 


(2xlO _10 m) 


3x10 m 
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57. Consider the diagram shown. Let i represent is the distance she walks upstream, which 
is about 120 yards. Find the distance across the river from the diagram. 
d 


tan60° = — — » d = £ tan 60° = (l 20 yd) tan 60° = 210yd 


58. 


^8 s A 


(210yd) 

iy 


f 3fO 


vlyy 


v lyd y 

A 


0.305m 

lft 


190m 


3.156x10 7 s 


x 1 00% = 


3x10 % 


1.0 A 


f . 


1.0 A 


59. (a) 1.0 A = 

(b) 1.0 A = 

(c) 1.0m = (l.0m) 
id) 1.0 ly = (1.0 ly) 


10 m 


v ia ; 


5 


1 nm 
10~ 9 m 


f 


i n- 10 

10 m 

v ia ; 

f o A 

IA 


f lfm A 


10~ 15 m 


0.10 nm 




1.0xl0 5 fm 


i n-10 

10 m 


1.0x10 A 


9.46xl0 15 m A 

Tty 


f » A 

IA 

i n-10 

10 m 


9.5x10 A 



60. The volume of a sphere is found by V = y7lr' . 

■(l.74xl0 6 m) 3 = 


V,, = \nR M -\n ( 

Moon 3 Moon 3 


2.21x 10 l9 m 3 


^Earth _ J^Lh _ 

f R ^ 

v Earth 

3 

f 6.38x10 6 iV 

V u f xRl 

Moon 3 Moon 

V ^Moon ) 

( 1.74xl0 6 m J 


= 49.3 


Thus it would take about 49.3 1 Moons to create a volume equal to that of the Earth. 


|61.| (a) Note that sinl5.0° =0.259 and sinl5.5° =0.267, and so A sin 6 = 0.267 - 0.259 = 0.008. 
( A0^\ r0.5°\„„ rrm f Asiaff^ 


e J 


100 = 


15.0° 


100= 3% 


sin<9 J 


100 = 


^ 8 x 1 0~ 3 ^ 


0.259 


100= 3% 


(b) Note that sin75.0° =0.966 and sin75.5° = 0.968, and so Asin0 = 0.968 - 0.966 = 0.002. 


f A 6*^ 
0 v 


100 = 


f 0.5° A 


75.0° 


100= 0.7% 


Asin/9 
sin 6 ) 


100 = 


A 2x 10 _3A 
v 0.966 j 


100 = 


0.2% 


A consequence of this result is that when using a protractor, and you have a fixed uncertainty in the 
angle ( ±0.5° in this case), you should measure the angles from a reference line that gives a large 
angle measurement rather than a small one. Note above that the angles around 75° had only a 0.2% 
error in sin 6 , while the angles around 15° had a 3% error in sin 6. 
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62. Utilize the fact that walking totally around the Earth along the meridian would trace out a circle 
whose full 360° would equal the circumference of the Earth. 


(l minute) 


1 ° 


60 minute 


2;r(6.38xl0 3 km) 


360° 


J 


0.621 mi 


1 km ) 


1 . 1 5 mi 


63. Consider the body to be a cylinder, about 170 cm tall (= 5V”) , and about 12 cm in cross-sectional 

radius (which corresponds to a 30-inch waist). The volume of a cylinder is given by the area of the 
cross section times the height. 

\2 


V = nr 2 h = x(0A2 m) (1.7 m) = 7.69xl0"m 3 


ixlO^m 3 


64. The maximum number of buses would be needed during rush hour. We assume that a bus can hold 
50 passengers. 

(a) The current population of Washington, D.C. is about half a million people. We estimate that 
1 0% of them ride the bus during rush hour. 


50, 000 passengers x - 


lbus 


1 driver 


1 000 drivers 


50 passengers lbus 

( b ) For Marion, Indiana, the population is about 50,000. Because the town is so much smaller 
geographically, we estimate that only 5% of the current population rides the bus during rush 
hour. 


25 00 passengers x 


lbus 


-x- 


1 driver 


50 passengers lbus 


50 drivers 


65. The units for each term must be in liters, since the volume is in liters, 
[units of 4. l] [m] = [L] — » 


[units of 4.1] = — 
m 


[units of 0.0 18] [y] = [L] — » 


[units of 0.018] = ■ 


[units of 2.69] = L 


66. density = 


mass 


8g 


volume 2.8325 cm 


= 2.82g/cm’= 3g/cm 


Q A 

67] (a) ^ 


4 nR: 


R: 


( b ) 


SA, 


V, 

v w 


4nR: 


i^Eanh 

f^Moon 


R- 


r: 


r 


(6.38xl0 3 km) 2 

(l.74xl0 3 km) 2 

(6.38xl0 3 km) 2 

(l.74xl0 3 km) 2 


13.4 


49.3 


68 . 


# atoms 6.02x1 0 23 atom s 6.02x1 0 23 atom s 


m 


4 nR: 


4^(6.38xl0 6 m) 


1.18x10" 


atoms 


m 
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69. Multiply the volume of a spherical universe times the density of matter, adjusted to ordinary matter. 
The volume of a sphere is f 7lr ' . 


m = pV = (lxlO -26 kg/m 3 ){^ (l3.7xl0 9 ly)x 


9.46xl0 15 m^ 

ny 


(0.04) 


= 3.65xlO sl kg = 4xl0 51 kg 
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CHAPTER 2: Describing Motion: Kinematics in One Dimension 


Responses to Questions 

[f] A car speedometer measures only speed, since it gives no indication of the direction in which the car 
is traveling. 

2. If the velocity of an object is constant, the speed must also be constant. (A constant velocity means 
that the speed and direction are both constant.) If the speed of an object is constant, the velocity 
CAN vary. For example, a car traveling around a curve at constant speed has a varying velocity, 
since the direction of the velocity vector is changing. 

3. When an object moves with constant velocity, the average velocity and the instantaneous velocity 
are the same at all times. 

4. No, if one object has a greater speed than a second object, it does not necessarily have a greater 
acceleration. For example, consider a speeding car, traveling at constant velocity, which passes a 
stopped police car. The police car will accelerate from rest to try to catch the speeder. The speeding 
car has a greater speed than the police car (at least initially!), but has zero acceleration. The police 
car will have an initial speed of zero, but a large acceleration. 

5. The accelerations of the motorcycle and the bicycle are the same, assuming that both objects travel 
in a straight line. Acceleration is the change in velocity divided by the change in time. The 
magnitude of the change in velocity in each case is the same, 1 0 km/h, so over the same time interval 
the accelerations will be equal. 

6. Yes, for example, a car that is traveling northward and slowing down has a northward velocity and a 
southward acceleration. 

[ 7 ] Yes. If the velocity and the acceleration have different signs (opposite directions), then the object is 
slowing down. For example, a ball thrown upward has a positive velocity and a negative acceleration 
while it is going up. A car traveling in the negative x-direction and braking has a negative velocity 
and a positive acceleration. 

8. Both velocity and acceleration are negative in the case of a car traveling in the negative x-di recti on 
and speeding up. If the upward direction is chosen as +y, a falling object has negative velocity and 
negative acceleration. 

9. Car A is going faster at this instant and is covering more distance per unit time, so car A is passing 
car B. (Car B is accelerating faster and will eventually overtake car A.) 

10. Yes. Remember that acceleration is a change in velocity per unit time, or a rate of change in 
velocity. So, velocity can be increasing while the rate of increase goes down. For example, suppose a 
car is traveling at 40 km/h and a second later is going 50 km/h. One second after that, the car’s speed 
is 55 km/h. The car’s speed was increasing the entire time, but its acceleration in the second time 
interval was lower than in the first time interval. 

11. If there were no air resistance, the ball’s only acceleration during flight would be the acceleration 
due to gravity, so the ball would land in the catcher’s mitt with the same speed it had when it left the 
bat, 120 km/h. The path of the ball as it rises and then falls would be symmetric. 
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12. (a) If air resistance is negligible, the acceleration of a freely falling object stays the same as the 

object falls toward the ground. (Note that the object’s speed increases, but since it increases at a 
constant rate, the acceleration is constant.) 

( b ) In the presence of air resistance, the acceleration decreases. (Air resistance increases as speed 
increases. If the object falls far enough, the acceleration will go to zero and the velocity will 
become constant. See Section 5-6.) 

13. Average speed is the displacement divided by the time. If the distances from A to B and from B to C 
are equal, then you spend more time traveling at 70 km/h than at 90 km/h, so your average speed 
should be less than 80 km/h. If the distance from A to B (or B to C) is x, then the total distance 
traveled is 2x. The total time required to travel this distance is x/70 plus x/90. Then 

d 2x 2(90)(70) _ , „ 

v = — = = — — - — - = 79 km/h. 

t x/70 + x/90 90 + 70 

14. Yes. For example, a rock thrown straight up in the air has a constant, nonzero acceleration due to 
gravity for its entire flight. Flowever, at the highest point it momentarily has a zero velocity. A car, at 
the moment it starts moving from rest, has zero velocity and nonzero acceleration. 

15. Yes. Anytime the velocity is constant, the acceleration is zero. For example, a car traveling at a 
constant 90 km/h in a straight line has nonzero velocity and zero acceleration. 

16. A rock falling from a cliff has a constant acceleration IF we neglect air resistance. An elevator 
moving from the second floor to the fifth floor making stops along the way does NOT have a 
constant acceleration. Its acceleration will change in magnitude and direction as the elevator starts 
and stops. The dish resting on a table has a constant acceleration (zero). 

17. The time between clinks gets smaller and smaller. The bolts all start from rest and all have the same 
acceleration, so at any moment in time, they will all have the same speed. Flowever, they have 
different distances to travel in reaching the floor and therefore will be falling for different lengths of 
time. The later a bolt hits, the longer it has been accelerating and therefore the faster it is moving. 

The time intervals between impacts decrease since the higher a bolt is on the string, the faster it is 
moving as it reaches the floor. In order for the clinks to occur at equal time intervals, the higher the 
bolt, the further it must be tied from its neighbor. Can you guess the ratio of lengths? 

18. The slope of the position versus time curve is the velocity. The object starts at the origin with a 
constant velocity (and therefore zero acceleration), which it maintains for about 20 s. For the next 10 
s, the positive curvature of the graph indicates the object has a positive acceleration; its speed is 
increasing. From 30 s to 45 s, the graph has a negative curvature; the object uniformly slows to a 
stop, changes direction, and then moves backwards with increasing speed. During this time interval 
its acceleration is negative, since the object is slowing down while traveling in the positive direction 
and then speeding up while traveling in the negative direction. For the final 5 s shown, the object 
continues moving in the negative direction but slows down, which gives it a positive acceleration. 
During the 50 s shown, the object travels from the origin to a point 20 m away, and then back 10 m 
to end up 1 0 m from the starting position. 

19. The object begins with a speed of 14 m/s and increases in speed with constant positive acceleration 
from t = 0 until / = 45 s. The acceleration then begins to decrease, goes to zero at t = 50 s, and then 
goes negative. The object slows down from t = 50 s to t = 90 s, and is at rest from t = 90 s to t = 108 
s. At that point the acceleration becomes positive again and the velocity increases from t = 108 s to 
t = 130 s. 
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Solutions to Problems 


[l] The distance of travel (displacement) can be found by rearranging Eq. 2-2 for the average velocity. 
Also note that the units of the velocity and the time are not the same, so the speed units will be 
converted. 


v= — — > A* = vAt = (llOkm/h) 
At 


lh 


3600 s 


(2.0s) = 0.061 km = |61 m 


2. The average speed is given by Eq. 2-2. 


= Ax/ At = 235 km/3.25 h = 72.3 km/h 


3. The average velocity is given by Eq. 2.2. 


Ax 


1.5 cm -4.3 cm 4.2 cm 


v -- ■ 


At 4.5s - (-2.0s) 6.5s 


0.65 cm/s 


(The average speed cannot be calculated.) To calculate the average speed, we would need to know the 
actual distance traveled, and it is not given. We only have the displacement. 


4. The average velocity is given by Eq. 2-2. 

_ Ax -4.2 cm -3.4 cm -7.6 cm 


v = 


At 5.1s-3.0s 2.1s 

The negative sign indicates the direction. 


-3.6 cm/s 


The speed of sound is intimated in the problem as 1 mile per 5 seconds. The speed is calculated as 
follows. 


speed = 


distance 

time 


l 5s 


1610 m 


1 mi J 


300 m/s 


The speed of 300 m/s would imply the sound traveling a distance of 900 meters (which is 


approximately 1 km) in 3 seconds. So the rule could be approximated as | 1 km every 3 seconds 


6. The time for the first part of the trip is calculated from the initial speed and the first distance. 


Ax, 

At, 


, Ax 
At, = — L 


130 km 
95 km/h 


= 1.37 h = 82 min 


The time for the second part of the trip is now calculated. 

At, = At, otal -At, = 3.33 h - 1.37 h = 1.96 h = 118 min 

The distance for the second part of the trip is calculated from the average speed for that part of the 
trip and the time for that part of the trip. 

Ay 

v 2 = — - — > Ax, = v,At, = (65km/h)(l.96h) = 127.5 km = 1.3xl0 2 km 
At, 


2.6x 10 2 km 


(a) The total distance is then Ax total = Ax, + Ax, = 130 km + 127.5 km = 257.5 km 

( b ) The average speed is NOT the average of the two speeds. Use the definition of average speed. 
Eq. 2-2. 


v = 


Ax^ 

At 


257.5 km 
3.33 h 


77 km/h 
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[ 7 ] The distance traveled is 116 km + |(ll6 km) = 174 km, and the displacement is 
116 km-^(ll6 km) = 58 km. The total time is 14.0 s + 4.8 s = 18.8 s. 
distance 174 m 


(a) Average speed = 

time elapsed 18.8s 

... . , . displacement 

(b) Average velocity = v = 

time elapsed 


9.26 m/s 


58 m 
18.8 s 


3.1 m/s 



(b) 

(c) 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_1SM_CH02.XLS”, on tab “Problem 2.8a”. 

The average velocity is the displacement divided by the elapsed time. 

34 + 10(3.0) - 2(3.0) 3 ]m- (34 m) 


__ x(3.0)-x(0.0) 
3.0s - 0.0s 


3.0s 


-8.0 m/s 


The instantaneous velocity is given by the derivative of the position function. 


v = — = (lO -6r) m/s 


10 — 6^ — 0 — > t — . — s — 
V 3 


1.3s 


This can be seen from the graph as the “highest” point on the graph. 


9. Slightly different answers may be obtained since the data comes from reading the graph. 

(a) The instantaneous velocity is given by the slope of the tangent line to the curve. At t = 10.0 s, 

3m - 0 


the slope is approximately v(l0) 
At t = 30.0 s, the slop< 
approximately v(30) 


0.3 m/s 


10.0 s-0 

(b) At t - 30.0 s, the slope of the tangent line to the curve, and thus the instantaneous velocity, is 

22 m - 10 m 


35s - 25s 


1.2 m/s 


, . .... . _ x(5)-x(0) 1.5m-0 

(c) The average velocity is given by v = - 


5.0s - 0s 


5.0s 


0.30 m/s 


/Arr1 x (30) - x (25) 16m - 9m 

(d) The average velocity is given by v = 


30.0s - 25.0s 


5.0s 


1.4 m/s 


/ x ^ x(50)-x(40) 10m - 19.5 m 

(e) The average velocity is given by v = 


50.0s - 40.0s 


10.0s 


-0.95 m/s 
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10. (a) Multiply the reading rate times the bit density to find the bit reading rate. 

lbit 


, r 1.2 m 
N = x- 


4.3 xlO 6 bits/s 


Is 0.28x10 m 
(. b ) The number of excess bits is N - N 0 . 

N - N 0 = 4.3 x 1 0 6 bits/s - 1 .4 x 1 0 6 bits/s = 2.9 x 1 0 6 bits/s 
N-N n 2.9 xlO 6 bits/s 


N 


4.3 xlO 6 bits/s 


= 0.67 = 67% 


1 1 . Both objects will have the same time of travel. If the truck travels a distance Ax k , then the 

distance the car travels will be Ax car = Ax lruck + 1 10m. Use Eq. 2-2 for average speed, V = Ax/ At, 
solve for time, and equate the two times. 


Ax, . 
At = — isisL 


Ax 


Ax, 


, v 75 km/h 

nude car / 

Solving for Ax triick gives Ax tmck = (110 m) 

Ax 

The time of travel is At = — — 


Ax, . + 1 1 0 m 

truck 

95 km/h 
(75km/h) 

(95 km/h - 75 km/h) 


= 412.5m. 


f 412.5m ] 

60 min ' 

= 0.33min = 19.8s = 

2.0xl0‘s 

^ 75000 m/h J 

l lh 7 




Also note that At = 


Ax 

car 

f 412.5m + 1 lOm^ 

\ 60 min ^ 

V 

car 

v 95000 m/h J 

l ^ J 


= 0.33 min - 20 s. 


ALTERNATE SOLUTION: 

The speed of the car relative to the truck is 95 km/h - 75 km/h = 20 km/h . In the reference frame of 
the truck, the car must travel 1 10 m to catch it. 


A t = 


0.11km 


20 km/h 


3600 s 


lh ) 


= 19.8 s 


12. Since the locomotives have the same speed, they each travel half the distance, 4.25 km. Find the 
time of travel from the average speed. 

_ Ax , Ax 4.25 km 

v = > A t = — = = 0.0447 h 

At v 95 km/h 


60 min/ . 


= 2.68 min = 

2.7 min 

l lh J 



1 3 . (a) The area between the concentric circles is equal to the length times the width of the spiral path. 
nRl - nR , 2 = w£ — » 

2 /„ \ 2 - 


/ = ■ 


(b) 5.378x1 0 3 m 


n(R 2 2 -R;) 7T^(0.058m)‘ - (0.025m) 


w 


1.6x10 m 


= 5.378x10 m ^ 


5400 m 


Is 

1.25 m j 


A ^lmin A 


60s 


72 min 
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At At 

14. The average speed for each segment of the trip is given by v = — , so At = — for each 

A t v 

Ax 3100 km 

segment. For the first segment, At, = -3- = — = 4.306 h. For the second segment, 

v, 720 km/h 

A^ = MOOkm 


*2 _ 
V, 


990 km/h 


Thus the total time is At, , = At, + At, = 4.306 h + 2.828 h = 7.134 h 


7.1 h 


The average speed of the plane for the entire trip is v = 


to* 

At 


3100 km + 2800 km 
7.134 h 


= 827 km/h 


830km/h 


15. The distance traveled is 500 km (250 km outgoing, 250 km return, keep 2 significant figures). The 

displacement (Ax) is 0 because the ending point is the same as the starting point. 

(a) To find the average speed, we need the distance traveled (500 km) and the total time elapsed. 

_ . . _ Ax , A Ax 250km „ _ . 

During the outgoing portion, v = — L and so At = — — = — = 2.632 h. During the 

At, v, 95 km/h 

— to, , to, 250km , , , _ 

return portion, v, = — and so At, = — - = = 4.545 h. Thus the total time, 

At, " v. , 55 km/h 

including lunch, is At tota , = At, + At lunch + At, = 8.177h. 


Ax- 


500 km 


v = ■ 


to M 8.177h 


61 km/h 


(. b ) Average velocity = v = to/ At = 0 


16. We are given that x(t) = 2.0m- (3.6 m/s) t + (l.lm/s 2 )t 2 . 

(a) x(l.0s) = 2.0m-(3.6m/s)(l.0s) + (l.lm/s 2 )(l.0s)~ 
x(2.0s) = 2.0 m - (3.6 m/s ) (2.0 s) + (l.lm/s 2 ) (2.0 s)" = 

x(3.0s) = 2.0 m -(3.6 m/s) (3.0 s) + (l.l m/s 2 ) (3.0 s)" = 

_ Ax 1.1m -(-0.5m) 

(b) v = — = 1 - 

At 2.0s 


-0.5 m 


-0.8m 


1.1m 


0.80m/s 


(c) The instantaneous velocity is given by v (t) = ^ = -3.6 m/s + (2.2 m/s 2 ) t. 


v(2.0s) = -3.6m/s + (2.2m/s 2 )(2.0s) = 0.8m/s 


v(3.0s) = -3.6m/s + (2.2m/s 2 )(3.0s) = 3.0m/s 
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17. The distance traveled is 120m + y(l20m) = 180m, and the displacement is 
120m - y(l20m) = 60m. The total time is 8.4s + /-(8.4s) = 11.2s. 
distance 1 80 m 


(a) Average speed = 
(. b ) Average velocity 


1 6 m/s 


time elapsed 11.2s 

displacement 60 m 


v = 

avg 


time elapsed 11.2s 


+5 m/s (in original direction) (l sig fig) 


18. For the car to pass the train, the car must travel the length of the train AND the distance the train 
travels. The distance the car travels can thus be written as either d = v t = (95 km/h)? or 

d =/. +v, ? = T10 km + (75km/h)?. To solve for the time, equate these two expressions for 

car train train \ / / 7 Jt r 

the distance the car travels. 

1.10 km 


(95km/h)? = 1.10 km + (75km/h)? 


t = 


20 km/h 


= 0.055 h = 3.3 min 


The distance the car travels during this time is d = (95km/h)(0. 055 h) = 5.225km ~ 5,2 km 


If the train is traveling the opposite direction from the car, then the car must travel the length of the 
train MINUS the distance the train travels. Thus the distance the car travels can be written as either 
= (95 km/h)? or d car =1.10 km - (75 km/h)?. To solve for the time, equate these two 
expressions for the distance the car travels. 


(95 km/h)? = 1.10 km -(75 km/h)? -> ?= L1Qkm = 6.47x10'* h = |23.3 s 


170 km/h 


The distance the car travels during this time is d = (95km/h) (6.47 xlO 3 h) = 0.61 km 


19.| The average speed of sound is given by v sound = Ax/ At , and so the time for the sound to travel from 

Ax 16.5 m 


the end of the lane back to the bowler is A? 


v 340 m/s 

sound / 


= 4.85x10 "s. Thus the time for 


the ball to travel from the bowler to the end of the lane is given by A? ball = A? total - A? sound = 
2.50s - 4.85 xl0~ 2 s = 2.4515s. And so the speed of the ball is as follows. 

Ax 16.5 m 


A t 


2.4515s 


6.73 m/s 


20. The average acceleration is found from Eq. 2-5. 

(95km/h) 


Av 95 km/h -0 km/h 


^ lm/s ^ 
3.6km/h 


a - 


At 4.5s 4.5s 

21. The time can be found from the average acceleration, a = Av/ At . 

(30km/h) 


5.9 m/s 


f lm/s A 


Av 1 lOkm/h - 80km/h 

At = — = t ~ 2 ~ 

a 1.8m/s‘ 


3.6km/h 


1.8 ms 2 


= 4.630s 


5s 
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22. (a) The average acceleration of the sprinter is a = — 0-00 m / s 

At 1.28 s 


7.03 m/s 


/ / 2 \f 1 km Z 

f 3600 s / 


(7.03m/s ) 


2 ^ 

V 2 V 1000 m ) 

l lh 7 



9.1 lxlO 4 km/h 2 


23. Slightly different answers may be obtained since the data comes from reading the graph. 


(a) The greatest velocity is found at the highest point on the graph, which is at \t ~ 48 sj . 

( b ) The indication of a constant velocity on a velocity-time graph is a slope of 0, which occurs 
from t = 90 s to t = 108s 


(c) The indication of a constant acceleration on a velocity-time graph is a constant slope, which 


occurs from 

t = 0 s to t ~ 42 s , 


t = 90 s to t ~ 108 s 


(d) The magnitude of the acceleration 

occurs from 

t ~ 65 s to t ~ 83 s . 


24. The initial velocity of the car is the average speed of the car before it accelerates 

Ax 110m , 

- = 22 m/s = v 0 


v = ■ 


At 5.0 s 

The final speed is v = 0 , and the time to stop is 4.0 s. Use Eq. 2-12a to find the acceleration. 


v = v„ + at — > a = 


v - v A 


0-22 m/s 
4.0 s 


= -5.5 m/s 


Thus the magnitude of the acceleration is 5.5 m/s 2 , or (5.5 m/s 2 ) 


1 ,? 


9.80 m/s 2 


0.56 g's 


|25 \ (a) v = — = 


Ax 385 m -25 m 


At 20.0s -3.0s 


21.2 m/s 


(b) a = — = 
At 


Av 45. 0 m/s - 1 1.0 m/s 


20.0s - 3.0s 


2.00 m/s 


26. Slightly different answers may be obtained since the data comes from reading the graph. We assume 
that the short, nearly horizontal portions of the graph are the times that shifting is occurring, and 
those times are not counted as being “in” a certain gear. 

Av, 24 m/s -14 m/s 


(a) The average acceleration in 2 nd gear is given by a, = 


At „ 


is - 4s 


2.5 m/s 


(b) The average acceleration in 4 th gear is given by a 4 = 


Av, 44 m/s -37 m/s 


At, 


27 s - 16s 


0.6 m/s 


Av 


(c) The average acceleration through the first four gears is given by a = — = 

At 


Av 44 m/ s - 0 m/s 


a = ■ 


At 


27 s - 0s 


1.6 m/s 
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27. The acceleration is the second derivative of the position function. 

, dx d 2 x dv 

x = 6.8? + 8.5? — ^ v — — — 6.8 + 17.0? — > ci — — — = — 

dt dV dt 


17.0m/s 2 


28. To estimate the velocity, find the average velocity over 

each time interval, and assume that the car had that velocity 
at the midpoint of the time interval. To estimate the 
acceleration, find the average acceleration over each time 
interval, and assume that the car had that acceleration at the 
midpoint of the time interval. A sample of each calculation 
is shown. 


From 2.00 s to 2.50 s, for average velocity: 


t 


mid 


2.50 s + 2.00 s 
2 


2.25 s 


Ax 13.79 m-8. 55 m 5.24 m , 

v = — = = = 10.48 m/s 

s At 2.50 s -2.00 s 0.50 s 


From 2.25 s to 2.75 s, for average acceleration: 
2.25 s + 2.75 s 

t .. = = 2.50 s 

mid ~ 


Av 13.14m/s - 10.48m/s 2.66m/s 

avg _ At ~ 2.75 s -2.25 s ” 0.50 s 

= 5.32m/s 2 


Table of Calculations 


t(s) 

x(m) 

t(s) 

v (m/s) 

t(s) 

a (m/s 2 ) 

0.00 

0.00 

0.00 

0.00 

0.063 

3.52 



0.125 

0.44 

0.25 

0.11 

0.375 

1.40 

0.25 

3.84 

0.50 

0.46 

0.625 

2.40 

0.50 

4.00 

0.75 

1.06 

0.875 

3.52 

0.75 

4.48 

1.00 

1.94 

1.25 

5.36 

1.06 

4.91 

1.50 

4.62 

1.75 

7.86 

1.50 

5.00 

2.00 

8.55 

2.25 

10.48 

2.00 

5.24 

2.50 

13.79 

2.75 

13.14 

2.50 

5.32 

3.00 

20.36 

3.25 

15.90 

3.00 

5.52 

3.50 

28.31 

3.75 

18.68 

3.50 

5.56 

4.00 

37.65 

4.25 

21.44 

4.00 

5.52 

4.50 

48.37 

4.75 

23.86 

4.50 

4.84 

5.00 

60.30 

5.25 

25.92 

5.00 

4.12 

5.50 

73.26 

5.75 

27.80 

5.50 

3.76 

6.00 

87.16 







The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_1SM_CH02.XLS,” on tab “Problem 2.28.” 


29. ( a ) Since the units of A times the units of t must equal meters, the units of A must be m/ s 


Since the units of B times the units of V must equal meters, the units of B must be 
m/s 2 . 
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( b ) The acceleration is the second derivative of the position function. 


dx 


d 2 x dv 


x — At + Bt — y v — — — A + 2 Bt — y ci — — — - — — — 


dt 


dV dt 


2.5 m/s 


(c) v - A + 2Bt — > v(5) = (A + 105) m/s a = 25m/; 


(d) The velocity is the derivative of the position function. 

dx 


A - 3 BV 


x = At + Bt — > v = — - 

dt 


30. The acceleration can be found from Eq. 2- 12c. 

v 2 -v 2 _0-(25m/s) 2 


v 2 = v 2 + 2 a (x - x 0 ) 


a = 


pi. | By definition, the acceleration is a = 


2(x-x 0 ) 2(85 m) 

v-v 0 _ 21 m/s -12 m/s 


t 6.0 s 

The distance of travel can be found from Eq. 2- 12b. 


= 

-3.7 m/s 2 


1.5 m/s 2 





= 

99 m 



32. Assume that the plane starts from rest. The runway distance is found by solving Eq. 2- 12c for 
x-x 0 . 

_ v 2 -v 0 2 _ (32m/s) 2 -0 


v 2 = v 2 + 2a (x - x 0 ) 


2 a 2(3.0m/s 2 ) 


1.7x10- m 


33. For the baseball, v 0 = 0 , x - x 0 = 3.5 m, and the final speed of the baseball (during the throwing 
motion) is v = 41m/s. The acceleration is found from Eq. 2-12c. 

v 2 -v 0 2 _ (41m/s) 2 -0 


v 2 = v 2 + 2a (x - x 0 ) 


a = 


2(x-x 0 ) 2(3.5 m) 


240 m/s 


\x . x — X 

34. The average velocity is defined by Eq. 2-2, v = — = -. Compare this expression to Eq. 2- 

A t t ' 

12d, v = j ( v + v 0 ) . A relation for the velocity is found by integrating the expression for the 
acceleration, since the acceleration is the derivative of the velocity. Assume the velocity is v 0 at 
time t = 0. 

dv v 1 

a = A + Bt = — — > dv = (A + Bt)dt — > | dv = | (A + Bt) dt — > v-v 0 + At + ^Bt 2 

^ v 0 0 

Find an expression for the position by integrating the velocity, assuming that x = x 0 at time / = 0. 


dx 


v — v n + At + fBr = — 
dt 


dx = (v 0 + At + yBv'jdt — » 
| dx = | (v 0 + At + \Bt 2 ) dt — > x - x 0 - v 0 t + -jAt 2 + jBt 3 
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Compare 


x - x„ 


to i(v + v 0 ). 


V = 


x - x 0 v 0 t + j At 2 + f Bt 3 


= v 0 + \At + \Bt 2 


i / \ t ; n -t v, + At + \Bt 2 2 

i(v + V 0 ) = 1 = v fl + Ut + i Bt 


They are different, so v ^|>(v + v 0 ) 


35. The sprinter starts from rest. The average acceleration is found from Eq. 2- 12c 

v 2 -v 0 2 (l 1.5 m/s)' -0 


v 2 = v 0 2 +2a(x-x 0 ) 


a = 


2(x-x 0 ) 2(15.0 m) 

Her elapsed time is found by solving Eq. 2- 12a for time. 

v - v„ 1 1.5 m/s -0 


= 4. 408 m/s 2 ~ 4.41m/ 


v = v„ + at 


t = 


4.408 m/ s' 


2.61 s 


36. Calculate the distance that the car travels during the reaction time and the deceleration. 
Ax, = v 0 At = (I8.0m/s)(0.200s) - 3.6m 

2 2 v 2 -v n 2 0 - (l8.0m/s) 2 

v' = v 2 + 2aAx 2 -» Ax 2 = ^ = ^ = 44.4 m 


2 a 2 (-3.65 m/s 2 ) 


Ax - 3.6 m + 44.4m = 48.0m 


He will NOT be able to stop in time. 


|37.| The words “slows down uniformly” implies that the car has a constant acceleration. The distance of 
travel is found from combining Eqs. 2-2 and 2-9. 


v„ + v 


-t = 


18.0 m/s + Om/s 


(5.00 sec) = 


45.0 m 


38. The final velocity of the car is zero. The initial velocity is found from Eq. 2-12c with v = 0 and 
solving for v 0 . Note that the acceleration is negative. 


Jo-21 

(-4.00 m/s 2 ) 

(85 m) = 

26 m/s 


39. (a) The final velocity of the car is 0. The distance is found from Eq. 2- 12c with an acceleration of 
a = -0.50 m/s 2 and an initial velocity of 85 km/h . 


2 2 

V ~ V 0 

2 a 


0 - 


(85km/h) 


f 1 m/s A 
3.6 km/h 


2(-0.50m/s 2 ) 


= 557 m 


560m 


( b ) The time to stop is found from Eq. 2- 12a. 


t = ■ 


v - v„ 


0- 

(85 km/h) 

^ lm/s y 

/ 3.6 km/h J 

1 

(-0.50m/s 2 ) 


= 47.22 s 


47 s 
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( c ) Take x 0 = x(t = 0) = Om. Use Eq. 2- 12b, with a = -0.50 m/s 2 and an initial velocity 

of 85 km/h. The first second is from t = Os to t = Is, and the fifth second is from t = 4s to 
t = 5s. 


x(0) = 0 ; x(l) = 0 + (85km/h) 
x (l) — x(0) = 


f lm/s ^ 


3.6km/h 


(is) + y (-0.50 m/ s 2 )(ls) 2 =23.36 


m 


23m 


x(4) = 0 + (85 km/h) 


:(5) = 0 + (85km/h) 


lm/s 
3.6km/h 

lm/s 
3.6km/h 


A 


(4s) + y(-0.50m/s 2 )(4s) 2 = 90.44 
(5s) + y(-0.50m/s 2 )(5s) 2 =111.81 


m 


m 


;(5) — x(4) = 111. 81m -90.44 m = 21. 37m = 


21m 


40. The final velocity of the driver is zero. The acceleration is found from Eq. 2- 12c with v = 0 and 
solving for a . 


2 2 

V — v„ 


0 - 


a = 


(l05km/h) 


f lm/s A 


3.6km/h 


2 (x - x 0 ) 


2(0.80 m) 


■ = -531.7m/s 2 = -5.3xl0 2 m/s 


Converting to “g’s”: a = 


-531.7 m/s' 


(9.80 m/s 2 ) 


8 


-54g's 


41. The origin is the location of the car at the beginning of the reaction time. The initial speed of the car 


is (95 km/h) 


f lm/s A 
v 3.6km/h j 


= 26.39 m/s . The location where the brakes are applied is found from 


the equation for motion at constant velocity: x 0 = v 0 t R = (26.39 m/s) (l.O s) = 26.39 m. This is now 

the starting location for the application of the brakes. In each case, the final speed is 0. 

(a) Solve Eq. 2- 12c for the final location. 

0- (26.39 m/s) 2 


v 2 = v 2 + 2 a (x - x 0 ) 


2 _ 2 

x = x„ + — = 26.39 m + 


2 a 2(-5.0m/s 2 ) 

( b ) Solve Eq. 2- 12c for the final location with the second acceleration. 

0- (26.39 m/s) 2 


96 m 


x = x 0 + 


2 2 
v -v 0 


2 a 


= 26.39 m + ■ 


2 (-7.0 m/s 2 ) 


76 m 


42. Calculate the acceleration from the velocity-time data using Eq. 2- 12a, and then use Eq. 2- 12b to 
calculate the displacement at t = 2.0s and t = 6.0s. The initial velocity is v 0 = 65m/s. 

162 m/s - 65 m/s 


v - v A 


a = ■ 


10.0s 


= 9.7m/s 


x = x 0 + v 0 t + jat~ — » 


x (6.0 s) - x (2.0 s) = (x 0 + v 0 (6.0s) + \a (6.0 s)~) - (x 0 + v 0 (2.0s) + \a (2.0s)") 
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= v 0 (6.0 s - 2.0 s) + j-a (6.0 s)" - (2.0s)" = (65 m/s) (4.0 s) + y(9.7 m/s 2 ) (32 s 2 ) 
= 415 m = 1 4.2 x 10 2 m 


|43.| Use the information for the first 180 m to find the acceleration, and the information for the full 

motion to find the final velocity. For the first segment, the train has v 0 = 0 m/ s , v 1 = 23 m/s , and a 
displacement of x, - x 0 — 180m. Find the acceleration from Eq. 2-12c. 

(23 m/s) 2 -0 


V]" = v 2 + 2 a (x, - x 0 ) 


v, -v„ 


a = 


= 1.469 m/s' 


2(x 1 -x 0 ) 2(180 m) 

Find the speed of the train after it has traveled the total distance (total displacement of 
x 2 - x 0 = 255 m) using Eq. 2- 12c. 

v 2 = v 2 + 2 a (x 2 -x 0 ) — > v 2 = ^v 2 + 2a(x, -x 0 ) - ^2^1.469 m/s 2 ) (255 m) = 27 m/s 


44. Define the origin to be the location where the speeder passes the police car. Start a timer at the 
instant that the speeder passes the police car, and find another time that both cars have the same 
displacement from the origin. 

For the speeder, traveling with a constant speed, the displacement is given by the following. 


Ax, = vt = ( 1 35 km/h) 


lm/s 

^3.6 km/h j 


(0 = (37.50 


m 


For the police car, the displacement is given by two components. The first part is the distance 
traveled at the initially constant speed during the 1 second of reaction time. 


Ax p i = v , (1.00s) = (95 km/h) 


lm/s 


(1.00s) = 26.39 m 


x 3.6 km/h 

The second part of the police car displacement is that during the accelerated motion, which lasts for 
(t - 1 .00) s. So this second part of the police car displacement, using Eq. 2-12b, is given as follows. 

Ax p2 =v pl (t- 1 .00) + \a p (t-l ,00) 2 = (26.39 m/s) (t - 1 .00) + ^(2.00 m/s 2 ) (t - 1 ,00) 2 ] m 

So the total police car displacement is Ax p = Ax pl + Ax pl = (^26.39 + 26.39 (t - 1. 00) + (t -1.00) 2 )m. 

Now set the two displacements equal, and solve for the time. 

26.39 + 26.39 (t- 1.00) + (t - 1.00) 2 = 37.5 t -> t 2 - 13.1 It + 1.00 = 0 

^ _ 13.1 1 ± aJ( 13.1 l) 2 -4.00 _ 


7.67 x 10“'s 


13.0s 


The answer that is approximately 0 s corresponds to the fact that both vehicles had the same 
displacement of zero when the time was 0. The reason it is not exactly zero is rounding of previous 
values. The answer of 13.0 s is the time for the police car to overtake the speeder. 

As a check on the answer, the speeder travels Ax s = (37.5 m/s) (l 3.0 s) = 488 m, and the police car 


travels Ax p = 


26.39 + 26.39 (12.0) + (12.0)" Jm = 487 m. . The difference is due to rounding. 
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45. Define the origin to be the location where the speeder passes the police car. Start a timer at the 
instant that the speeder passes the police car. Both cars have the same displacement 8.00 s after the 
initial passing by the speeder. 


For the speeder, traveling with a constant speed, the displacement is given by Ax v = vt = (8.00v s ) m. 

For the police car, the displacement is given by two components. The first part is the distance 
traveled at the initially constant speed during the 1.00 s of reaction time. 

/ i / \ 

Ax j = v j (l.OOs) = (95km/h) — m S (l. 00s) = 26.39 m 
p P ^3.6 km/h 

The second part of the police car displacement is that during the accelerated motion, which lasts for 
7.00 s. So this second part of the police car displacement, using Eq. 2-12b, is given by the following. 

Ax p2 = v pl (7.00s) + \a p (7.00s) 2 = (26.39 m/s) (7.00s) + j (2.00 m/s 2 ) (7.00s) 2 =233.73 m 
Thus the total police car displacement is Ax p = Ax + Ax , = (26.39 + 233.73) m = 260.12 m. 

Now set the two displacements equal, and solve for the speeder’s velocity. 


(8.00v)m = 260.12m v = (32.5 m/s) 


3.6km/h 
v lm/s , 



46. During the final part of the race, the runner must have a displacement of 1 100 m in a time of 180 s 
(3.0 min). Assume that the starting speed for the final part is the same as the average speed thus far. 

_ Ax 8900 m . 

v = — = = 5.494 m/s = v n 

At (27x60) s 

The runner will accomplish this by accelerating from speed v 0 to speed v for t seconds, covering a 
distance d r and then running at a constant speed of v for (180 -t) seconds, covering a distance d 2 . 
We have these relationships from Eq. 2-12a and Eq. 2-12b. 

v = v o + at d x =v o t + \at 2 d 2 = v ( 1 80 - t) = (v 0 + at) ( 1 80 - t) 

1100 m = d { +d 2 = v o t + \at 2 + (v 0 +nt)(l80-t) — » 1 100 m = 180v 0 + 180<fr - fat 2 — » 

1100 m = (180 s)(5.494m/s) + (l80 s)(0.2m/s 2 )t-i(0.2 m/ s 2 ) r 

0.1r-36t + lll = 0 t = 357 s , 3.1 1 s 
Since we must have t < 180 s , the solution is t = 3.1 s . 


47. For the runners to cross the finish line side-by-side means they must both reach the finish line in the 
same amount of time from their current positions. Take Mary’s current location as the origin. Use 
Eq. 2-12b. 

For Sally: 22 = 5 + 5t + ^(-.5) t 2 -> r-20f + 68 = 0 -> 

20 ± x /20 2 -4(68) 

t = = 4.343s, 15.66s 

2 

The first time is the time she first crosses the finish line, and so is the time to be used for the 
problem. Now find Mary’s acceleration so that she crosses the finish line in that same amount of 
time. 

ForMary: 22 = 0 + 4 t + \at 2 -+ a = 22 ~ At = 22 ~ 4 ( 4 - 343 ) = L 49 m/s 2 

|r 1(4-343)“ ^ 
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48. Choose downward to be the positive direction, and take v 0 = 0 at the top of the cliff. The initial 
velocity is v 0 = 0, and the acceleration is a = 9.80 m/ s 2 . The displacement is found from Eq. 2- 
12b, withx replaced byy. 

y = y 0 + v 0 t + \at 2 — > y - 0 = 0 + /-(9.80m/s 2 ) (3.75 s)" — > y ■ 


68.9 m 


|49.| Choose downward to be the positive direction. The initial velocity is v 0 = 0, the final velocity is 


- (55km/h) 


f 1 m/s ^ 


3.6km/h 


= 15.28m/s, and the acceleration is a - 9.80 m/s 2 . Thetimecanbe 


found by solving Eq. 2- 12a for the time. 

v-v„ 15.28m/s-0 


v = v„ + at — > t - 


9.80 m/s 2 


1.6s 


50. Choose downward to be the positive direction, and take y 0 = 0 to be at the top of the Empire State 
Building. The initial velocity is v 0 = 0, and the acceleration is a = 9.80 m/s 2 . 

(a) The elapsed time can be found from Eq. 2- 12b, with x replaced by y. 


1 


y-y 0 = v o t + 2 a t 


2v 2(380 m) 

t = , — = . — A = 8.806s - 8.8 s 


a \j 9.80 m/s~ 
( b ) The final velocity can be found from Eq. 2- 12a. 


v = v 0 + at = 0 + ^9. 80 m/s 2 ) (8.806 s) = 86 m/s 


5 1 . Choose upward to be the positive direction, and take y 0 = 0 to be at the height where the ball was 
hit. For the upward path, v 0 = 20 m/s , v = 0 at the top of the path, and a = -9.80 m/s 2 . 

(a) The displacement can be found from Eq. 2- 12c, with x replaced by y . 

0-(20m/sf 


v 2 =v 2 +2 a(y-y 0 ) 


y = y 0 + ' 


2 2 

v - v„ 


= 0 + 


2 a 2(-9.80m/s 2 ) 


20m 


(. b ) The time of flight can be found from Eq. 2- 12b, withx replaced by y , using a displacement of 0 
for the displacement of the ball returning to the height from which it was hit. 


y = y 0 + v 0 t + ±at 2 = 0 


t(v 0 + jat) = 0 


t = 0,,A= 2 Q 0nl /s) = 

-a 9.80m/s~ 


4 s 


The result of t = 0 s is the time for the original displacement of zero (when the ball was hit), and 
the result of t = 4 s is the time to return to the original displacement. Thus the answer is t = 4 s. 


52. Choose upward to be the positive direction, and take y 0 = 0 to be the height from which the ball 

was thrown. The acceleration is a = -9.80 m/ s 2 . The displacement upon catching the ball is 0, 
assuming it was caught at the same height from which it was thrown. The starting speed can be 
found from Eq. 2- 12b, with x replaced byy. 
y = y 0 + v 0 t + \at 2 = 0 -» 


y-y 0 


at 


= --at = -y(-9.80m/s 2 )(3.2 s) = 15.68 m/s ~ 16 m/s 
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The height can be calculated from Eq. 2- 12c, with a final velocity of v = 0 at the top of the path. 

\2 

if - if 11- I I S hXm/o 

- 2 - 2 '^- ~ N ' y = y 0 + - 


V 2 = V 2 +2a(y-y 0 ) 


v 2 -v 2 0- (15.68 m/s) 

= 0 + - L - 

2 a 2(-9.80m/s 2 ) 


- 12.54m ~ 13 m 


53. Choose downward to be the positive direction, and take y 0 = 0 to be at the maximum height of the 
kangaroo. Consider just the downward motion of the kangaroo. Then the displacement is 
y- 1.65 m, the acceleration is a = 9. 80 m/s 2 , and the initial velocity is v o = 0m/s. Use Eq. 2- 

12b to calculate the time for the kangaroo to fall back to the ground. The total time is then twice the 
falling time. 

[2y 


J = T 0 + V + 7« r =° 


1 *2 
y = at 




1.16s 


54. Choose upward to be the positive direction, and take y 0 = 0 to be at the floor level, where the jump 

starts. For the upward path, y = 1.2m,v = 0 at the top of the path, and a = -9.80 m / s 2 . 

(a) The initial speed can be found from Eq. 2- 12c, with ,v replaced by y . 
v 1 =v 2 0 +2a(y-y 0 ) -» 

v 0 = -yjv 2 - 2a(y - y 0 ) = -J-2 ~ay = <J-2 (-9.80 m/s 2 ) (1.2 m) = 4.8497 m/s ~ 4.8 m/s 


(. b ) The time of flight can be found from Eq. 2- 12b, with x replaced by y , using a displacement of 0 
for the displacement of the jumper returning to the original height. 

y - y 0 + v 0 t + \at 2 = 0 — > f(v 0 +yaf) = 0 — > 


t = 0 , t = 


2v 0 _ 2 (4.897 m/s) 


9.80 m/s 


0.99 s 


The result of t = 0 s is the time for the original displacement of zero (when the jumper started to 
jump), and the result of t = 0.99 s is the time to return to the original displacement. Thus the 
answer is t = 0.99 seconds. 


|55.| Choose downward to be the positive direction, and take v 0 = 0 to be the height where the object 
was released. The initial velocity is v 0 = -5.10m/s, the acceleration is a = 9.80m/s 2 , and the 
displacement of the package will be y = 105 m. The time to reach the ground can be found from 
Eq. 2- 12b, with x replaced by y. 


y = v 0 + v 0 t + \_at 2 


t = 5.18s , - 4.14s 


2v 


t +—^t~ — = 0 


2y 


t 2 , 2(-5.10m/s) f 2(105 m) _ Q 


9.80 m/s" 


9.80 m/s 


The correct time is the positive answer, t = 5. 1 8 s . 
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56. Choose downward to be the positive direction, and take v 0 =0 to be the height from which the 
object is released. The initial velocity is v 0 = 0, and the acceleration is a = g. Then we can 
calculate the position as a function of time from Eq. 2-12b, with x replaced by y, as y ( t ) = jgt 2 . At 
the end of each second, the position would be as follows. 

y(0) = 0; y{\) = \g-, y(2) = \g(2) 2 = 4y(l) ; y{3) = |g(3) 2 = 9y(l) 

The distance traveled during each second can be found by subtracting two adjacent position values 
from the above list. 

d ( l ) = T(l) - T(0) = t(1) ; d{2) = y (2) - y (l) = 3y (l) ; d{3) = y(3)-y(2) = 5y(l) 

We could do this in general. 

y (») = y(n + 1) = yg(n + l) 2 

d (n + 1) = y ( n + 1) - y(n) = \g(n + l) 2 - y gn 2 = \ g ((« + l)' - n 2 ) 

= \g{n 2 +2n + \-n 2 ) = \g(2n + \) 

The value of (2n + 1) is always odd, in the sequence |l, 3, 5, 7, ... . 


57. Choose upward to be the positive direction, and y Q = 0 to be the level from which the ball was 
thrown. The initial velocity is v 0 , , the instantaneous velocity is v = 14 m/s , the acceleration is 

a = -9.80 m/s 2 , and the location of the window is y = 23 m. 

(a) Using Eq. 2- 12c and substituting y for x, we have 

v 2 =v 0 2 +2a(y-y 0 ) -» 

v 0 = ±^Jv 2 -2a(y- y 0 ) = ±^(l4m/s)" - 2 (-9.8 m/s 2 ) (23 m) = 25.43m/s « 25 m/s 

Choose the positive value because the initial direction is upward. 

( b ) At the top of its path, the velocity will be 0, and so we can use the initial velocity as found 
above, along with Eq. 2- 12c. 


= v 2 0 +2a(y-y 0 ) -» y = y 0 + 


v 2 -v 2 0- (25.43 m/s)' 

»- = 0 + —y /-/-= 33m 


•o v- ' -o' 2fl 2 (- 9 . 80m /s 2 ) ^ 

(c) We want the time elapsed from throwing (speed v 0 = 25.43 m/s ) to reaching the window (speed 
v = 14 m/s). Using Eq. 2-12a, we have the following. 


v = v„ + at — > t - 


v — v 0 _ 14 m/s- 25.43 m/s 
a -9.80 m/s 2 


= 1.166s = 1.2s 


(d) We want the time elapsed from the window (speed v 0 = 14 m/s ) to reaching the street (speed 
v = -25.43 m/s ). Using Eq. 2-12a, we have the following. 


v = v„ + at — > t - 


v-v 0 -25.43 m/s - 14 m/s 
a -9.80m/s 2 


= 4.0s 


This is the elapsed time after passing the window. The total time of flight of the baseball from 
passing the window to reaching the street is 4.0 s + 1 .2 s = 5.2 s. 
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58. (a) Choose upward to be the positive direction, and y 0 = 0 at the ground. The rocket has v 0 = 0, 
a = 3.2 m/ s 2 , and y = 950 m when it runs out of fuel. Find the velocity of the rocket when it 


runs out of fuel from Eq 2- 12c, with x replaced by y. 

V 950m = V 0 +2 «(T-To) 


/ v o +2a(y-.v 0 ) =±y 

ta + 2| 

(3.2m/s 2 )(950 m) = 77.97 m/s « 

78 m/s 


The positive root is chosen since the rocket is moving upwards when it runs out of fuel. 
( b ) The time to reach the 950 m location can be found from Eq. 2-12a. 

77.97 m/s -0 


V 950 m = V 0 + « ? 950m 


= 24.37 s« 24 s 


a 3.2m/s‘ 

(c) For this part of the problem, the rocket will have an initial velocity v 0 = 77.97 m/s , an 

acceleration of a = -9.80 m/ s 2 , and a final velocity of v = 0 at its maximum altitude. The 
altitude reached from the out-of-fuel point can be found from Eq. 2- 12c. 

+ 2 a (y - 950 m) — > 


2 2 
V = V 950 m 


y = 950 m + ■ 

J max 


0-v; 


2 a 


= 950 m + 


-(77.97 m/s) 2 
2 (-9.80m/s 2 ) 


= 950 m + 310 m = 1260 m 


(d) The time for the “coasting” portion of the flight can be found from Eq. 2- 12a. 


V = V 950 m + ^coast 


^ t 


V - V A 


0-77.97 m/s 


= 7.96 s 


a -9.80 m/ s 

Thus the total time to reach the maximum altitude is t = 24.37 s + 7.96 s = 32.33 s 


32 s 


(■ e ) For the falling motion of the rocket, v 0 = 0 m/ s , a = -9.80 m/s 2 , and the displacement is 

-1260 m (it falls from a height of 1260 m to the ground). Find the velocity upon reaching the 
Earth from Eq. 2- 12c. 

v 2 = v 0 2 +2a(y-y 0 ) -» 


v = : 


/ v o +2a(y-y 0 ) =±y 

W2| 

(-9.80 m/s 2 ) 

(-1260 m) = -157 m/s « 

-160 m/s 


The negative root was chosen because the rocket is moving downward, which is the negative 
direction. 

(/) The time for the rocket to fall back to the Earth is found from Eq. 2- 12a. 


v = v 0 + at -» t m = 


v - v„ 


-157 m/s - 0 
-9.80 m/s 2 


= 16.0 s 


Thus the total time for the entire flight is t = 32.33 s + 16.0 s = 48.33s = 48s . . 


59. (a) Choose y = 0 to be the ground level, and positive to be upward. Then y = 0m, 

y 0 = 15 m, a = -g, and t = 0.83 s describe the motion of the balloon. Use Eq. 2- 12b. 
y = y 0 + v 0 t + ^at 2 -» 

_ y - y 0 - /at 2 _ 0 - 15m - i(-9.80m/s 2 ) (0.83s) 2 


(0.83s) 


• = -14m/s 


So the speed is 14m/: 
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( b ) Consider the change in velocity from being released to being at Roger’s room, using Eq. 2- 12c. 


v" = v 0 + 2 a Ay — > Ay = 


v 2 -v 0 2 -(-14m/s) 2 


2 a 


2 (-9.8 m/s 2 ) 


= 10m 


Thus the balloons are coming from 2 floors above Roger, and so the | fifth floor 


60. Choose upward to be the positive direction, and y 0 = 0 to be the height from which the stone is 
thrown. We have v 0 = 24.0 m/s , a-- 9.80m/s 2 , and y - y 0 = 13.0m. 

(a) The velocity can be found from Eq, 2- 12c, with x replaced by y. 
v 2 =v 2 +2a(y-y 0 ) = 0 -» 

v = +\jv 2 u + 2 ay = ±^(24.0m/s)" + 2(-9.80m/s 2 )(13.0 m) = ±17.9 m/s 


Thus the speed is v = 17.9 m/s 


(. b ) The time to reach that height can be found from Eq. 2- 12b. 


y = y 0 + V+7«c 


-* r + 2 ( 24 -° m /») t+ 4- 1 3.om) =o ^ 


-9.80 m/s 


-9.80 m/s 


f 2 -4.898* + 2.653 = 0 -> 


t - 4.28 s , 0.620 s 


(c) There are two times at which the object reaches that height - once on the way up (t = 0.620s) , 
and once on the way down ( t = 4.28s). 


|61.| Choose downward to be the positive direction, and y 0 = 0 to be the height from which the stone is 
dropped. Call the location of the top of the window y w , and the time for the stone to fall from 
release to the top of the window is t w . Since the stone is dropped from rest, using Eq. 2-12b withy 
substituting for x, we have y w = y 0 + v 0 t + \at 2 = 0 + 0 + \gt\ The location of the bottom of the 
window is v + 2.2 m, and the time for the stone to fall from release to the bottom of the window is 
t w + 0.33s. Since the stone is dropped from rest, using Eq. 2-12b, we have the following: 

y w + 2.2 m = y 0 + v 0 + \at 2 = 0 + 0 + jg(t K + 0.33s)" . Substitute the first expression for y w into 
the second expression. 

7 gt 2 + 2.2 m = \g(t + 0.33 s)" — > t =0.515s 
Use this time in the first equation to get the height above the top of the window from which the stone 


fell. 


Tw =isC = x( 9 - 8 0m/s 2 ) (0.515 s) 2 = 


1.3 m 


62. Choose upward to be the positive direction, and y 0 = 0 to be the location of the nozzle. The initial 
velocity is v 0 , the acceleration is a = -9.80m/s 2 , the final location is y = -1.5 m, and the time of 
flight is t - 2.0 s. Using Eq. 2- 12b and substituting y for x gives the following. 

y-\at 2 -1-5 m-}(-9.80m/s 2 )(2.0 s) 2 


T = T 0 +V + J r«r 


v o -■ 


2.0 s 


9.1 m/s 
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63. Choose up to be the positive direction, so a = -g. Let the ground be the y = 0 location. As an 
intermediate result, the velocity at the bottom of the window can be found from the data given. 
Assume the rocket is at the bottom of the window at t = 0, and use Eq. 2- 12b. 

y top of 3 bottom of ^bottom oTpass 2 ^^pass ^ 

window window window window window 


10.0m = 8.0m + v bottomof (0.15s) + ^(-9.80m/s 2 ) (0.15s) 2 -» v bottomof = 14.07 m/s 

window window 

Now use the velocity at the bottom of the window with Eq. 2-12c to find the launch velocity, 
assuming the launch velocity was achieved at the ground level. 

bottom of = Lick + 2 d ( V ~ J „ ) -» 

window 



The maximum height can also be found from Eq. 2- 12c, using the launch velocity and a velocity of 0 
at the maximum height. 


= Launch + 2 « Umax “ T 0 ) 


height 


-(18. 84 m/s) 
2 (-9.80 m/s 2 


64. Choose up to be the positive direction. Let the bottom of the cliff be the y = 0 location. The 
equation of motion for the dropped ball is y ball = y 0 + v 0 t + jat 2 = 50.0m+y(-9.80m/s 2 )r. The 

equation of motion for the thrown stone is y stonc = y 0 + v 0 t + fat 1 = (24.0 m/s) t + y(-9.80m/s 2 )r. 

Set the two equations equal and solve for the time of the collision. Then use that time to find the 
location of either object. 

y ban = y stone 50.0 m+ j- (-9.80 m/s 2 ) V = (24.0 m/s ) t + j (-9. 80 m/s 2 ) t 2 -» 

50.0m = (24. 0m/s)l — > t= = 2.083s 

24.0 m/s 

Tbaii = To +v 0 t + \at 2 = 50.0m + Y(-9.80m/s 2 )(2.083s)" = 28.7m 


65. For the falling rock, choose downward to be the positive direction, and y 0 = 0 to be the height from 

which the stone is dropped. The initial velocity is v 0 = Om/s, the acceleration is a = g, the 

displacement is y = H, and the time of fall is f . Using Eq. 2-12b withy substituting forx, we have 

H = y 0 + v 0 t + y r = 0 + 0 + \gt[. For the sound wave, use the constant speed equation that 

Ax H H 

= — = , which can be rearranged to give t, = T , where T = 3.4s is the total time 

s A t T-t v 

1 s 

elapsed from dropping the rock to hearing the sound. Insert this expression for t ] into the equation 
for H from the stone, and solve for H. 
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H=\g 


V 


H 


v 

s / 


S rr 2 

27 




+ 1 


V 


# + |gT 2 =0 


4.239 x 10' H 2 - 1 .098// + 56.64 = 0 

H 


H - 5\.l m, 2.59x10 m 


If the larger answer is used in t x -T , a negative time of fall results, and so the physically 

v 


correct answer is 


H = 52 m 


66. (a) Choose up to be the positive direction. Let the throwing height of both objects be the y = 0 
location, and so y 0 = 0 for both objects. The acceleration of both objects is a = -g. The 
equation of motion for the rock, using Eq. 2- 12b, is y rock = y 0 + v 0 rock t + j-at 2 = v 0 rock t -±gt 2 , 
where t is the time elapsed from the throwing of the rock. The equation of motion for the ball, 
being thrown 1.00 s later, is y ball = y 0 + v 0ball ( t - 1.00s) + (t - 1.00s)' = 

v 0 ball (t - 1.00s) - yg (f - 1 ,00s) 2 . Set the two equations equal (meaning the two objects are at 
the same place) and solve for the time of the collision. 

T rock ~ T ball U roJ ~ } gf = V 0 ba U ( t ~ 1 'O 0 S ) “ J g ( t ~ 1 .00 S ) ' -» 

(l2.0m/s)t - y(9.80m/s 2 )r = ( 18.0 m/s) (t - 1.00s) - y(9.80m/s 2 - 1.00s)‘ — > 

(l5.8m/s)f = (22.9m) — > t = 1.45s 


7.10 m 


( b ) Use the time for the collision to find the position of either object. 

T r „ck =v 0rock t-TgC =(l2.0m/s)(l.45s)-^(9.80m/s 2 )(l.45s) 2 

(c) Now the ball is thrown first, and so y baI1 = v 0 ball / - \gt 2 and 

Trock = v o ro ck ( t - 1 .00 s ) - j g ( t - 1 .00 s ) ‘ . Again set the two equations equal to find the time of 
collision. 

T b aii ~ Tr„ck -> v , b J~lSt 2 =v amA (t-\Ms)-\_g{t-\ms)- -> 

( 18.0 m/s) t - y (9. 80 m/s 2 )r = (l 2.0 m/s) (t - 1.00s) - y (9.80 m/s 2 ) (t - 1.00s)' — > 

(3.80m/s)t = 16.9m — > t- 4.45s 
But this answer can be deceptive. Where do the objects collide? 

T b aii =v om t~jgt 2 = (l8.0m/s)(4.45s)-^-(9.80m/s 2 )(4.45s) 2 = -16.9m 
Thus, assuming they were thrown from ground level, they collide below ground level, which 


cannot happen. Thus they never collide 


|67.| The displacement is found from the integral of the velocity, over the given time interval. 

t 2 t= 3.1s 

Ax = | vdt - J (25 + 18f) dt - (l5t + 9t 2 )[ = ^ = [25 (3.1) + 9(3. l) 2 ]- [25(1.5) + 9(l.5) 2 


= 106m 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

35 










Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


68 . (a) The speed is the integral of the acceleration. 

dv . , r 


v ~ v 0 =7 At 


dv = adt — > dv = Asftdt — > j" dv = Aj yftdt — > 

v 0 0 

2 — > v = v 0 +|A 3/2 -> v = 7.5m/s + j(2.0m/s 5/2 jl 3 


( 6 ) The displacement is the integral of the velocity. 

v = — — > dx-vdt — > dx = (v 0 + j At 3, "^dt — > 

x t 

J dx = | (v 0 + j At 3/2 — > x = v 0 t + —At 512 = (7.5m/s)( + ^( 2 . 0 m/s 5 , 2 )t 5 


Om 0 


(c) a (f = 5.0 s) = (2.0m/s 5 / 2 )^/5.0s = 4.5m/s 2 

v(t = 5.0s) = 7.5 m/s + 1(2.0 m/ s 5 ' 2 ) (5.0s ) 3 ' = 22.41m/s ~ 22 m/s 
jc(f = 5.0s) = (7.5m/s)(5.0s) + ^(2.0m/s 5 / 2 )(5.0s ) 5/2 = 67.31m * f67i 


69. (a) The velocity is found by integrating the acceleration with respect to time. Note that with the 
substitution given in the hint, the initial value of u is u 0 = g - kv 0 = g. 

dv , , dv 

a = — — > dv - adt — > dv = [g - kvjdt — » = dt 

dt g~kv 

Now make the substitution that u = g - kv. 


u = g - kv — > dv 

k 


dv du 1 du 

= dt — > = dt — > — = -kdt 

g - kv k u u 


r ClU f l M W ~kt 

— = I dt — > ln«| = -kt — > In — = -kt — > u = ge = g - kv 

e « 8 S’ 


g ( 

-kt \ 

v = — 
k ' 

\-e ) 


(7)) As t goes to infinity, the value of the velocity is v = lim — e k, \- — . We also note that 

t^“ k ’ k 

if the acceleration is zero (which happens at terminal velocity), then a - g - kv - 0 — » 

v t =*. 
k 

70. (a) The train's constant speed is v train =5.0 m/s , and the location of the empty box car as a 
function of time is given by x train = v irain ? = (5.0 m/s) t. The fugitive has v 0 = 0 m/s and 
a = 1 .2 m/s 2 until his final speed is 6.0 m/ s . The elapsed time during the acceleration is 

t = - — — = 6 ~ 0 m / s _ 5 Q s Let the origin be the location of the fugitive when he starts to 
a 1 . 2 m/s 

run. The first possibility to consider is, “Can the fugitive catch the empty box car before he 
reaches his maximum speed?” During the fugitive's acceleration, his location as a function of 

time is given by Eq. 2- 12b, x &gitive = x 0 + v 0 t + \at 2 = 0 + 0 + y(l.2 m/s 2 )r. For him to catch 
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the train, we must have x train = x fugitive — » (5.0 m/s) / = / ( 1 .2 m/s : ) r. The solutions of this 

are t = 0 s, 8.3 s. Thus the fugitive cannot catch the car during his 5.0 s of acceleration. 


Now the equation of motion of the fugitive changes. After the 5.0 s of acceleration, he runs 
with a constant speed of 6.0 m/ s . Thus his location is now given (for times t > 5 s ) by the 
following. 

fugitive = l(f2m/s 2 ) (5.0 s)' + (6.0 m/s) (t - 5.0 s) = (6.0 m/s) t - 15.0m 
So now, for the fugitive to catch the train, we again set the locations equal. 
x, . = x, ... —> (5.0m/s) t = (6.0m/s)t - 15.0m — > t = \ 

( b ) The distance traveled to reach the box car is given by the following. 

x. 


15.0s 


fugitive 


(t = 15.0 s) = (6.0m/s)(l5.0 s) - 15.0 m = 75 m 


71. Choose the upward direction to be positive, and y 0 = 0 to be the level from which the object was 
thrown. The initial velocity is v 0 and the velocity at the top of the path is v = 0 m/s . The height at 
the top of the path can be found from Eq. 2- 12c withx replaced by y. 


v 2 = v 0 2 +2a(y-y 0 ) -> y 


'To 


2 a 


From this we see that the displacement is inversely proportional to the acceleration, and so if the 
acceleration is reduced by a factor of 6 by going to the Moon, and the initial velocity is unchanged, 

the displacement increases by a factor of 6 


72. (a) For the free-falling part of the motion, choose downward to be the positive direction, and 
y Q = 0 to be the height from which the person jumped. The initial velocity is v 0 = 0, 

acceleration is a = 9.80 m/s 2 , and the location of the net is y = 15.0 m. Find the speed upon 
reaching the net from Eq. 2- 12c withx replaced by y. 

v 2 =v 2 +2 a (y —> v = ±^0 + 2a(y-0) = ±^2 (9.80 m/s 2 ) (15.0 m) = 17.1 m/s 
The positive root is selected since the person is moving downward. 

For the net-stretching part of the motion, choose downward to be the positive direction, and 
v 0 = 1 5 .0 m to be the height at which the person first contacts the net. The initial velocity is 

v 0 = 17.1 m/ s , the final velocity is v = 0, and the location at the stretched position is 
y = 16.0 m. . Find the acceleration from Eq. 2- 12c with x replaced by y. 


v 2 =v 2 + 2 a(y-y 0 ) 


— > Cl — • 


■v 2 0 2 - (17.1 m/s) 2 


2(t - To) 2(1.0 m) 


-150m/s 2 


( b ) For the acceleration to be smaller, in the above equation we see that the displacement should 


be larger. This means that the net should be | “loosened” 


73. The initial velocity of the car is v 0 = ( 100 km/h) 


f 1 m/s ^ 


= 27.8 m/s. Choose x 0 = 0 to be the 


3.6km/h j 

location at which the deceleration begins. We have v = 0 m/ s and a = -30g = -294 m/s 2 . Find 
the displacement from Eq. 2- 12c. 
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v 2 = v 2 + 2a (x - x 0 ) 


x = x 0 + ■ 


v - V„ 


0- (27.8 m/s) 2 
2 a 2(-2.94xl0 2 m/s 2 ) 


= 0 + 


= 1.31m : 


1.3 m 


74. Choose downward to be the positive direction, and y Q = 0 to be at the start of the pelican’s dive. 
The pelican has an initial velocity is v 0 = 0, an acceleration of a - g, and a final location of 
y = 16.0m. Find the total time of the pelican’s dive from Eq. 2-12b, withx replaced by y. 


T = J 0 + V + 7 ar y = 0 + 0 + jat -> t dive = 


2 y 2(l6.0m) i 

= , — — . r~r = 1 • 


= 1.81 s. 


a 9.80m/s~ 

The fish can take evasive action if he sees the pelican at a time of 1.81 s - 0.20 s = 1.61 s into the 
dive. Find the location of the pelican at that time from Eq. 2- 12b. 

y ~ y 0 + v 0 t + \at = 0 + 0 + \ (9. 80 m/s 2 ) (l .61 s)~ = 12.7 m 

Thus the fish must spot the pelican at a minimum height from the surface of the water of 


16.0m-12.7m= 3.3m 


75. (a) Choose downward to be the positive direction, and v 0 = 0 to be the level from which the 
car was dropped. The initial velocity is v 0 = 0, the final location is y = H, and the 
acceleration is a = g. Find the final velocity from Eq. 2- 12c, replacing x with y. 


v - v„ 


K + 2 a (y-y 0 ) -» v = ±^/v 0 2 + 2 a (y -y 0 )= ±yj2gH 
The speed is the magnitude of the velocity, 


v = 


v/2 iff 


(. b ) Solving the above equation for the height, we have that H = — . Thus for a collision of 

2g 


= (50 km/h) 


f lm/s ^ 


3.6km/h 


= 13.89 m/s, the corresponding height is as follows. 


v 2 (l3.89m/s) 2 
H = — = ±~, -ttt — 9.84 m : 


2g 2 (9.80m/ s 2 ) 

(c) For a collision of v = (lOOkm/h) 
follow. 


10m 


f lm/s A 
v 3.6km/h j 


= 27. 78 m/s, the corresponding height is as 


v 2 (27.78 m/s)' 

H = — = = 39.37m = 


2g 2 (9.80 m/s 2 ) 


40 m 


76. Choose downward to be the positive direction, and y 0 = 0 to be at the roof from which the stones 

are dropped. The first stone has an initial velocity of v 0 = 0 and an acceleration of a - g. Eqs. 2- 

12a and 2- 12b (withx replaced byy) give the velocity and location, respectively, of the first stone as 
a function of time. 

v = v 0 + at -> v,=gf, y = y 0 +v 0 t + \at 2 -» y^ygt; 

The second stone has the same initial conditions, but its elapsed time t - 1.50 s, and so has velocity 
and location equations as follows. 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

38 










Chapter 2 


Describing Motion: Kinematics in One Dimension 


v 2 =g( t 1 -l-50s) y 2 =is{h -l-50s) 2 

The second stone reaches a speed of v, = 12.0 m/s at a time given by the following. 

t = 1.50s + — = 1 . 50 s + = 2.72 s 

g 9.80 m/s 

The location of the first stone at that time is y x -\gt\ - y(9.80m/s" )(2.72s)" = 36.4m.. 
The location of the second stone at that time is y 2 = yg(t, -1.50s)" = 
y(9.80m/s“ ) (2.72 - 1.50s)" = 7.35m. Thus the distance between the two stones is 
v, -y, = 36.4 m -7.35 m = 29.0 m 


77. The initial velocity is v 0 = (l5km/h) 


f lm/s A 
v 3.6km/h j 


= 4.17 m/s . The final velocity is 


v 0 = (75km/h) 


f lm/s A 
v 3.6km/h j 


= 20.83 m/s. The displacement is x -x 0 = 4.0km = 4000m. Find the 


average acceleration from Eq. 2- 12c. 


v 2 = v 2 + 2a(x-x 0 ) 


a = 


v 2 -v 2 _ (20.83 m/s) 2 -(4. 17 m/s) 2 


2 (x - x 0 ) 


2(4000 m) 


5.2x10 2 m/s 2 


78. The speed limit is 50 km/h 


lm/s 

v 3.6 km/h j 


= 13.89 m/s. 


(a) For your motion, you would need to travel (10 + 15 + 50 + 15 + 70 + 15) m = 175 m to get the 

front of the car all the way through the third intersection. The time to travel the 175 m is found 
using the distance and the constant speed. 

Ax 175 m 


Ax = v At — > At = 


13.89 m/s 


= 12.60s 


Yes | , you can make it through all three lights without stopping. 


( b ) The second car needs to travel 165 m before the third light turns red. This car accelerates from 
v o = 0m/s to a maximum of v = 13.89 m/s with a = 2.0 m/s 2 . Use Eq. 2- 12a to determine 
the duration of that acceleration. 

v-v 0 _ 13.89m/s - Om/s 


v = v 0 + at -4- t acc = 


= 6.94s 


: m 


a 2. Om/s" 

The distance traveled during that time is found from Eq. 2- 12b. 

(x-x„) =vt +\at 2 = 0 + \{l. Om/s 2 ) (6.94s)" = 48.2 1 

Since 6.94 s have elapsed, there are 13 - 6.94 = 6.06 s remaining to clear the intersection. The 
car travels another 6.06 s at a speed of 13.89 m/s, covering a distance of Ax constant = v avg t = 

speed 


(13.89 m/s) (6.06 s) = 84.2 m. Thus the total distance is 48.2 m + 84.2 m = 132.4 m. |No 
the car cannot make it through all three lights without stopping. 
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The car has to travel another 32.6 m to clear the third intersection, and is traveling at a speed of 

after 


Ax 32.6 m 

13.89 m/s. Thus the care would enter the intersection a time t = — = 


v 13.89m/s 


2.3s 


the light turns red. 


|79.| First consider the “uphill lie,” in which the ball is being putted down the hill. Choose x 0 = 0 to be 
the ball’s original location, and the direction of the ball’s travel as the positive direction. The final 
velocity of the ball is v = 0 m/ s , the acceleration of the ball is a = - 1 .8 m / s 2 , and the displacement 
of the ball will be x - x 0 - 6.0 m for the first case and x - x 0 = 8.0 m for the second case. Find the 
initial velocity of the ball from Eq. 2- 12c. 

■2a(x-x 0 ) — > v 0 = Jv’ - 2a (x - x 0 ) = 


2 2 , 

V = V Q + . 


^0-2 (-1.8 m/s 2 ) (6.0 m) = 4.6 m/s 
,Jo-2(-1.8m/s 2 )(8.0m) =5.4 m/s 


The range of acceptable velocities for the uphill lie is 4.6 m/s to 5.4 m/s , a spread of 0.8 m/s. 


Now consider the “downhill lie,” in which the ball is being putted up the hill. Use a very similar set- 
up for the problem, with the basic difference being that the acceleration of the ball is now 
a = -2.8 m/ s' . Find the initial velocity of the ball from Eq. 2-12c. 


v 2 = v 2 + 2a (x - x 0 ) 


sjv 2 - 2a(x-x 0 ) = | 


0-2 (-2.8 m/s 2 ) (6.0 m) = 5.8 m/s 
^0-2 (-2.8 m/ s 2 ) (8.0 m) = 6.7 m/s 


The range of acceptable velocities for the downhill lie is 5.8 m/s to 6.7 m/s , a spread of 0.9 m/s. 


Because the range of acceptable velocities is smaller for putting down the hill, more control in 
putting is necessary, and so putting the ball downhill (the “uphill lie”) is more difficult. 

80. To find the distance, we divide the motion of the robot into three segments. First, the initial 
acceleration from rest; second, motion at constant speed; and third, deceleration back to rest. 

ci l = v 0 t + \af[ = 0 + y(0.20m/s 2 )(5.0s)' = 2.5m v, = af = (0.20m/s 2 ) (5.0s) = l.Om/s 
d 2 = \\t 2 = (l.0m/s)(68s) = 68 m v 2 = v, = 1.0 m/s 
d 3 = v 2 t 3 + \cijl = (1.0 m/s) (2.5 s) + j (-0.40 m/s 2 ) (2.5 s)' = 1 .25 1 


>m 


d = d t + d 2 + d 3 = 2.5 m + 68 m + 1.25 m = 71.75 m ■ 


72 m 


8 1 . Choose downward to be the positive direction, and y 0 = 0 to be at the top of the cliff. The initial 
velocity is v 0 = -12. 5 m/s, the acceleration is a = 9.80m/s 2 , and the final location is v = 75.0m. 

(a) Using Eq. 2- 12b and substituting y forx, we have the following. 

y = y 0 + v 0 t + \at 2 — > (4.9 m/s 2 )r - (l2.5m/s)t - 75.0 m = 0 — > t = -2.839 s , 5.390s 

The positive answer is the physical answer: 


t = 5.39s 


( b ) Using Eq. 2- 12a, we have v = v 0 + at = - 12.5 m/s + (9.80 m/s 2 ) (5.390s) = 40.3 m/s 
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(c) 


The total distance traveled will be the distance up plus the distance down. The distance down 
will be 75.0 m more than the distance up. To find the distance up, use the fact that the speed at 
the top of the path will be 0. Using Eq. 2- 12c we have the following. 


v 2 = v 0 2 +2a(y- v 0 ) 


y = To + ■ 


2 a 


= 0 + 


0- (-12.5 m/s)' 
2 (9.80 m/s 2 ) 


-7.97 m 


Thus the distance up is 7.97 m, the distance down is 82.97 m, and the total distance traveled is 
90.9 m. 


82. (a) 

(b) 

(c) 
id) 
(e) 
if) 

(g ) 


In the interval from A to B, it is 
negative. 


moving in the negative direction , because its displacement is 


In the interval from A to B, it is 
(changing from less steep to more steep). 
In the interval from A to B 


speeding up , because the magnitude of its slope is increasing 


the acceleration is negative L because the graph is concave down, 


indicating that the slope is getting more negative, and thus the acceleration is negative. 

In the interval from D to E, it is moving in the positive direction , because the displacement is 
positive. 

In the interval from D to E, it is speeding up , because the magnitude of its slope is increasing 
(changing from less steep to more steep). 


In the interval from D to E, the acceleration is positive , because the graph is concave upward, 
indicating the slope is getting more positive, and thus the acceleration is positive. 

In the interval from C to D, the obj ect is not moving in either direction 


The velocity and acceleration are both 0. 


83. This problem can be analyzed as a series of three one-dimensional motions: the acceleration phase, 
the constant speed phase, and the deceleration phase. The maximum speed of the train is as follows. 


(95 km/h) 


lm/s 

v 3.6km/h j 


= 26.39 m/s 


In the acceleration phase, the initial velocity is v 0 = 0 m/s , the acceleration is a = 1.1 m/ s 2 , and 
the final velocity is v = 26.39 m/s. Find the elapsed time for the acceleration phase from Eq. 2- 12a. 


v = v 0 + at 


t = 

acc 


V - V„ 


26.39 m/s -0 


= 23.99s 


a l.lm/s" 

Find the displacement during the acceleration phase from Eq. 2- 12b. 

(x-x 0 ) acc = v 0 t + \at 2 = 0 + y(l.lm/s 2 )(23.99s)' = 316.5m 

In the deceleration phase, the initial velocity is v 0 = 26.39 m/s , the acceleration is a = -2.0 m/s 2 , 
and the final velocity is v = 0 m/s . Find the elapsed time for the deceleration phase from Eq. 2- 12a. 


v = v 0 + at -» i dec = 


v - v„ 


0-26.39 m/s 


■= 13.20s 


a -2.0m/s' 

Find the distance traveled during the deceleration phase from Eq. 2-12b. 

(x - x 0 ) dcc = v 0 t + \at 2 = (26.39 m/s) (13.20s) + {(-2.0m/s 2 ) (13.20s) 2 = 174.1 


m 
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The total elapsed time and distance traveled for the acceleration / deceleration phases are: 
t + t, = 23.99s + 13.20s = 37.19 s 

acc dec 

+(x-x n ) A - 316.5m + 174.1m = 491m 

(a) If the stations are spaced 1.80 km = 1800 m apart, then there is a total of = 5 inter- 

1 800 m 

station segments. A train making the entire trip would thus have a total of 5 inter-station 
segments and 4 stops of 22 s each at the intermediate stations. Since 491 mis traveled during 
acceleration and deceleration, 1 800 m - 49 1 m = 1 309 m of each segment is traveled at an 

average speed of v = 26.39 m/s. The time for that 1309 m is given by Ax = vAt — > 

Ax 1309m 

At . = — = = 49.60 s. Thus a total inter-station segment will take 37.19 s + 

constant — ~ r r\ / ° 

speed V 26.39 m/s 

49.60 s = 86.79 s. With 5 inter-station segments of 86.79 s each, and 4 stops of 22 s each, the 
total time is given by t 08km = 5 (86.79s) + 4 (22 s) = 522 s = 8.7 min 


(b) If the stations are spaced 3.0 km = 3000 m apart, then there is a total of = 3 inter- 

3000 m 

station segments. A train making the entire trip would thus have a total of 3 inter-station 
segments and 2 stops of 22 s each at the intermediate stations. Since 491 m is traveled during 
acceleration and deceleration, 3000m - 491 m = 2509 m of each segment is traveled at an 

average speed of v - 26.39 m/s . The time for that 2509 m is given by d — vt — > 
d 2509 m 

t - — = = 95.07 s. Thus a total inter-station segment will take 37.19 s + 95.07 s = 

v 26.39 m/s 

132.3 s. With 3 inter-station segments of 132.3 s each, and 2 stops of 22 s each, the total time is 


? 3 .o km = 3 (l 32.3 s) + 2(22s) = 441s = 


7.3 min 


84. For the motion in the air, choose downward to be the positive direction, and y 0 = 0 to be at the 
height of the diving board. The diver has v 0 = 0 (assuming the diver does not jump upward or 

downward), a = g = 9.80 m/ s 2 , and y = 4.0 m when reaching the surface of the water. Find the 
diver’s speed at the water’s surface from Eq. 2- 12c, with x replaced byy. 
v 2 = v 0 2 + 2a(y-y 0 )x -A 

v = i^v 2 + 2 a(y-y 0 ) = ^jo + 2 (9.80 m/s 2 )(4.0 m) = 8.85 m/s 
For the motion in the water, again choose down to be positive, but redefine y 0 = 0 to be at the 
surface of the water. For this motion, v 0 = 8.85 m/s , v = 0 , and y - y 0 = 2.0 m . Find the 
acceleration from Eq. 2- 12c, with x replaced by y. 

v 2 -v 2 _ 0-(8.85m/s) 2 


v 2 = v 2 + 2a (y - v 0 ) 


a = 


2 (v-v 0 )x 2(2.0 m) 

The negative sign indicates that the acceleration is directed upwards. 


= -19.6m/s 2 ~ -20m/s 


85.| Choose upward to be the positive direction, and the origin to be at the level where the ball was 
thrown. The velocity at the top of the ball’s path will be v = 0, and the ball will have an 
acceleration of a - -g. If the maximum height that the ball reaches is y = H, then the relationship 
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between the initial velocity and the maximum height can be found from Eq. 2- 12c, with x replaced 

byj- 


v 2 =v 2 + 2a(y-y Q ) 


— > 


It is given that v 0 Bm = 1.5v 0 Joe , so 


0 = v 2 + 2[-g)H H = v 2 j2g 
H„. 


H, 


( y oBin) !^§ _ ( U Bill ) — j 5 2 — 2 25 

( V 0Jo J'/ 2 § ( V 0 Joe) 2 


2.3 



87. The car’s initial speed is v o = (45 km/h) 


lm/s 


= 12.5 m/s. 


3.6 km/h j 

Case I: trying to stop. The constraint is, with the braking deceleration of the car (a = -5.8 m/ s 2 ) , 

can the car stop in a 28 m displacement? The 2.0 seconds has no relation to this part of the problem. 
Using Eq. 2- 12c, the distance traveled during braking is as follows. 


(x-x 0 ) = 


v 2 -v 2 _ 0- (12.5 m/s) 2 


2 a 


2 (-5.8 m/s 2 ) 


= 13.5 m — » 


She can stop the car in time. 


Case II: crossing the intersection. The constraint is, with the given acceleration of the car 


a = 


65 km/h - 45 km/h 
6.0 s 


lm/s 

3.6km/h 


= 0.9259 m/s 


can she get through the intersection 


(travel 43 meters) in the 2.0 seconds before the light turns red? Using Eq. 2-12b, the distance 
traveled during the 2.0 sec is as follows. 

(x-x 0 ) = v 0 t + ^at 2 = (12.5 m/s) (2.0 s) + ^(0.927 m/s 2 )(2.0 s)" = 26.9 


m 


She should stop. 


88. The critical condition is that the total distance covered by the passing car and the approaching car 
must be less than 400 m so that they do not collide. The passing car has a total displacement 
composed of several individual parts. These are: i) the 10 m of clear room at the rear of the truck, ii) 
the 20 m length of the truck, iii) the 10 m of clear room at the front of the truck, and iv) the distance 
the truck travels. Since the truck travels at a speed of V = 25 m/ s , the truck will have a 
displacement of Ax truck = (25 m/ s ) t. Thus the total displacement of the car during passing is 
Ax = 40 m + (25 m/s) t. 

passing \ / / 

car 
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To express the motion of the car, we choose the origin to be at the location of the passing car when 
the decision to pass is made. For the passing car, we have an initial velocity of v 0 = 25 m/s and an 

acceleration of a - 1.0 m/ s 2 . Find Ax . from Eq. 2-12b. 

/ passing a 

car 

^passing =* r -*o = v 0 t + ±at = (25m/s)t + ±(l.Om/s 2 )t 2 

car 

Set the two expressions for Ax assm , equal to each other in order to find the time required to pass. 

car 

40 m + (25 m/s) t = (25m/s)t + /(l.0m/s 2 )r 40m = {(l.0m/s 2 )t 2 — > 

t = V80S 2 " = 8.94 s 

Calculate the displacements of the two cars during this time. 

^passing = 40m + (25 m/s) (8.94 s) = 264 m 

car 

^approaching = V approaehmg ' t = ( 25 “/s ) ( 8 .94 S ) = 224 HI 

car car 

Thus the two cars together have covered a total distance of 488 m, which is more than allowed. 

The car should not pass. 


89. Choose downward to be the positive direction, and y 0 = 0 to be at the height of the bridge. Agent 
Bond has an initial velocity of v 0 = 0, an acceleration of a - g, and will have a displacement of 
y = 13m-1.5m = 11.5m. Find the time of fall from Eq. 2-12b withx replaced by y. 


y = y 0 + v 0 t + Tat 2 -» t = J— = 


1 2(11.5 m) 


= 1.532 s 


t 9.80m/s 

If the truck is approaching with v = 25 m/ s , then he needs to jump when the truck is a distance 
away given by d = vt = (25 m/s) (l .532 s) = 38.3 m. Convert this distance into “poles.” 
d = (38.3 m)(l pole/25 m) = 1.53 poles 
So he should jump when the truck is about 1 .5 poles away from the bridge. 


90. 


Take the origin to be the location where the speeder passes the police car. The speeder’s constant 


speed is v = (130 km/h) 


f 1 m/s ^ 

v 3.6 km/h j 


= 36.1 m/ s , and the location of the speeder as a function 


of time is given by x speeder = v speeder f speeder = (36. 1 m/s) f speeder . The police car has an initial velocity of 
v 0 = Om/s and a constant acceleration of a police . The location of the police car as a function of time 

is given by Eq. 2-12b: x police = v Q t + \af = ia police f 2 olice . 

(a) The position vs. time graphs would qualitatively look 
like the graph shown here. 

( b ) The time to overtake the speeder occurs when the speeder 
has gone a distance of 750 m. The time is found using the 
speeder’s equation from above. 
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750 m = (36.1m/s)t 


750 m 


speeder 


speeder 


•= 20.8s : 


21s 


36.1m/s 

(c) The police car’s acceleration can be calculated knowing that the police car also had gone a 
distance of 750 m in a time of 22.5 s. 

2 (750 m) 


750 m = \a p (20.8 s)~ -4 


(20.8 s) 2 


3.47 m/ s 2 ~ 3.5 m/s 2 


(d) The speed of the police car at the overtaking point can be found from Eq. 2- 12a. 


v = v 0 + at = 0 + (3.47 m/ s 2 ) (20.8 s) = 72.2 m/s ~ 72 m/s 


Note that this is exactly twice the speed of the speeder. 


|9L| The speed of the conveyor belt is given by d = v At 


1.1 m 


v = 


At 2.5 min 


0.44 m/ 


mm 


. The rate 


of burger production, assuming the spacing given is center to center, can be found as follows. 


2 1 burger N 

( 0.44 m / 


„ n burgers 

v 0.15 m y 

v 1 min ) 


min 


92. 


Choose downward to be the positive direction, and the origin to be at the top of the building. The 
barometer has y 0 = 0, v 0 = 0, and a = g - 9.8 m/s 2 . Use Eq. 2- 12b to find the height of the 
building, with x replaced by y. 


y = y 0 + v Q t + \at 2 = 0 + 0 + }(9.8m/s ! )r 

y l= 20 =y(9.8m/s 2 )(2.0 s)' = 20 m y t=2} =|(9.8m/s 2 )(2.3 s) 2 =26 m 
The difference in the estimates is 6 m. If we assume the height of the building is the average of the 


two measurements, then the % difference in the two values is 


6m 
23 m 


x 100 = 26% 


93. 


(a) The two bicycles will have the same velocity at 
any time when the instantaneous slopes of their 
x vs. t graphs are the same. That occurs near the 
time t\ as marked on the graph. 

(b) Bicycle A has the larger acceleration, because 
its graph is concave upward, indicating a positive 
acceleration. Bicycle B has no acceleration because 
its graph has a constant slope. 

(c) The bicycles are passing each other at the times 
when the two graphs cross, because they both have the same position at that time. The graph 
with the steepest slope is the faster bicycle, and so is the one that is passing at that instant. So at 
the first crossing, bicycle B is passing bicycle A. At the second crossing, bicycle A is passing 
bicycle B. 

(d) Bicycle B has the highest instantaneous velocity at all times until the time t\, where both graphs 
have the same slope. For all times after t\, bicycle A has the highest instantaneous velocity. 

The largest instantaneous velocity is for bicycle A at the latest time shown on the graph. 

( e ) The bicycles appear to have the same average velocity. If the starting point of the graph for a 
particular bicycle is connected to the ending point with a straight line, the slope of that line is 
the average velocity. Both appear to have the same slope for that “average” line. 
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94. In this problem, note that a < 0 and x > 0. Take your starting position as 0. Then your position is 
given by Eq. 2- 12b, x 1 = v M t + \at 2 , and the other car’s position is given by x 2 = x + v A t. Set the 

two positions equal to each other and solve for the time of collision. If this time is negative or 
imaginary, then there will be no collision. 

*i =*2 v M t + \at 2 = x + v A t -» j at 2 +{v M - v A )t - x = 0 

^_ ( v a~ v m) ± \I( v m- v a Y ~ 4 T a i~ x ) 

2 ja 

No collision: ( v M ~v A )~ -4 ja(-x) < 0 

95. The velocities were changed from km/h to m/s by multiplying the conversion factor that 1 km/hr = 
1/3.6 m/s. 

(a) The average acceleration for each interval is calculated by a = Av/A t , and taken to be the 

v — V 

acceleration at the midpoint of the time interval. In the spreadsheet, a , = - 2±i . The 

” +I t , — t 

n + 1 n 

accelerations are shown in the table below. 

(b) The position at the end of each interval is calculated by x n+l = x n + y( v n + v n+1 ) ( t n+l -t n ). 
This can also be represented as x = x 0 + VAt. These are shown in the table below. 


t ( s ) 

v ( km / h ) 

v ( m / s ) 

t ( s ) 

a ( m / s "’) 

t ( s ) 

x ( m ) 

0.0 

0.0 

0.0 



0.0 

0.00 

0.5 

6.0 

1.7 

0.25 

3.33 

0.5 

0.42 

1.0 

13.2 

3.7 

0.75 

4.00 

1.0 

1.75 

1.5 

22.3 

6.2 

1.25 

5.06 

1.5 

4.22 

2.0 

32.2 

8.9 

1.75 

5.50 

2.0 

8.00 

2.5 

43.0 

11.9 

2.25 

6.00 

2.5 

13.22 

3.0 

53.5 

14.9 

2.75 

5.83 

3.0 

19.92 

3.5 

62.6 

17.4 

3.25 

5.06 

3.5 

27.99 

4.0 

70.6 

19.6 

3.75 

4.44 

4.0 

37.24 

4.5 

78.4 

21.8 

4.25 

4.33 

4.5 

47.58 

5.0 

85.1 

23.6 

4.75 

3.72 

5.0 

58.94 


(c) The graphs are shown below. The spreadsheet used for this problem can be found on the Media 
Manager, with filename “PSE4_ISM_CH02.XLS,” on tab “Problem 2.95c.” 
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96. 


For this problem, a spreadsheet was designed. The columns of the spreadsheet are time, 
acceleration, velocity, and displacement. The time starts at 0 and with each interval is incremented 


by 1.00 s. The acceleration at each time is from the data 
given in the problem. The velocity at each time is found 
by multiplying the average of the accelerations at the 
current time and the previous time, by the time interval, 
and then adding that to the previous velocity. Thus 
v„+i = v„ + t (a„ + a„+ 1 ) (t n+l ~t n ). The displacement from 
the starting position at each time interval is calculated by a 
constant acceleration model, where the acceleration is as 
given above. Thus the positions is calculated as follows. 

X n +i = X n +V n( t n + l-0 + ^[H a n +a n +l )]( t n + l- t n) 2 

The table of values is reproduced here. 

(a) v( 17.00) = [30.3 m/s 

(. b ) x(l7.00) = [305ni 

The spreadsheet used for this problem can be found on the 
Media Manager, with filename “PSE4_1SM_CH02.XLS,” 
on tab “Problem 2.96.” 


t (s) 

a (m/s") 

v (m/s) 

x (m) 

0.0 

1.25 

0.0 

0 

1.0 

1.58 

1.4 

1 

2.0 

1.96 

3.2 

3 

3.0 

2.40 

5.4 

7 

4.0 

2.66 

7.9 

14 

5.0 

2.70 

10.6 

23 

6.0 

2.74 

13.3 

35 

7.0 

2.72 

16.0 

50 

8.0 

2.60 

18.7 

67 

9.0 

2.30 

21.1 

87 

10.0 

2.04 

23.3 

109 

11.0 

1.76 

25.2 

133 

12.0 

1.41 

26.8 

159 

13.0 

1.09 

28.0 

187 

14.0 

0.86 

29.0 

215 

15.0 

0.51 

29.7 

245 

16.0 

0.28 

30.1 

275 

17.0 

0.10 

30.3 

305 


97.| (a) For each segment of the path, 

the time is given by the distance divided 
by the speed. 

* = ^ + U =— ■ + 7^ 

^land ^pool 

x \Jd~ + (d - x) 

V K v s 

(. b ) The graph is shown here. The minimum 
time occurs at a distance along the pool of 

about x = 6.8m. 



distance along pool (m) 


An analytic differentiation to solve for the minimum point gives x = 6.76 m. 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_1SM_CF102.XLS,” on tab “Problem 2.97b.” 
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Responses to Questions 

[l] No. Velocity is a vector quantity, with a magnitude and direction. If two vectors have different 
directions, they cannot be equal. 

2. No. The car may be traveling at a constant speed of 60 km/h and going around a curve, in which case 
it would be accelerating. 

3. Automobile races that begin and end at the same place; a round-trip by car from New York to San 
Francisco and back; a balloon flight around the world. 

4. The length of the displacement vector is the straight-line distance between the beginning point and 
the ending point of the trip and therefore the shortest distance between the two points. If the path is a 
straight line, then the length of the displacement vector is the same as the length of the path. If the 
path is curved or consists of different straight line segments, then the distance from beginning to end 
will be less than the path length. Therefore, the displacement vector can never be longer than the 
length of the path traveled, but it can be shorter. 

5. The player and the ball have the same displacement. 

6. V is the magnitude of the vector V ; it is not necessarily larger than the magnitudes V\ and V 2 . For 
instance, if Vj and V 2 have the same magnitude as each other and are in opposite directions, then V 
is zero. 

[ 7 ] The maximum magnitude of the sum is 7.5 km, in the case where the vectors are parallel. The 
minimum magnitude of the sum is 0.5 km, in the case where the vectors are antiparallel. 

8. No. The only way that two vectors can add up to give the zero vector is if they have the same 
magnitude and point in exactly opposite directions. However, three vectors of unequal magnitudes 
can add up to the zero vector. As a one-dimensional example, a vector 10 units long in the positive x 
direction added to two vectors of 4 and 6 units each in the negative x direction will result in the zero 
vector. In two dimensions, consider any three vectors that when added form a triangle. 

9. (a) Yes. In three dimensions, the magnitude of a vector is the square root of the sum of the squares 

of the components. If two of the components are zero, the magnitude of the vector is equal to 
the magnitude of the remaining component. 

(. b ) No. 

10. Yes. A particle traveling around a curve while maintaining a constant speed is accelerating because 
its direction is changing. A particle with a constant velocity cannot be accelerating, since the velocity 
is not changing in magnitude or direction. 

1 1 . The odometer and the speedometer of the car both measure scalar quantities ( distance and speed, 
respectively). 

12. Launch the rock with a horizontal velocity from a known height over level ground. Use the equations 
for projectile motion in the v-dircction to find the time the rock is in the air. (Note that the initial 
velocity has a zero v-component.) Use this time and the horizontal distance the rock travels in the 
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equation for x-direction projectile motion to find the speed in the x-direction, which is the speed the 
slingshot imparts. The meter stick is used to measure the initial height and the horizontal distance the 
rock travels. 

13. No. The arrow will fall toward the ground as it travels toward the target, so it should be aimed above 
the target. Generally, the farther you are from the target, the higher above the target the arrow should 
be aimed, up to a maximum launch angle of 45°. (The maximum range of a projectile that starts and 
stops at the same height occurs when the launch angle is 45°. ) 

14. As long as air resistance is negligible, the horizontal component of the projectile’s velocity remains 
constant until it hits the ground. It is in the air longer than 2.0 s, so the value of the horizontal 
component of its velocity at 1.0 s and 2.0 s is the same. 

15. A projectile has the least speed at the top of its path. At that point the vertical speed is zero. The 
horizontal speed remains constant throughout the flight, if we neglect the effects of air resistance. 

16. If the bullet was fired from the ground, then the v-component of its velocity slowed considerably by 
the time it reached an altitude of 2.0 km, because of both acceleration due to gravity (downward) and 
air resistance. The x-component of its velocity would have slowed due to air resistance as well. 
Therefore, the bullet could have been traveling slowly enough to be caught! 

17. (a) Cannonball A, because it has a larger initial vertical velocity component. 

( b ) Cannonball A, same reason. 

(c) It depends. If 0 A < 45°, cannonball A will travel farther. If d B > 45°, cannonball B will travel 

farther. If 0 A > 45° and 0 B < 45°, the cannonball whose angle is closest to 45° will travel 

farther. 

18. (a) The ball lands back in her hand. 

( b ) The ball lands behind her hand. 

(c) The ball lands in front of her hand. 

(d) The ball lands beside her hand, to the outside of the curve. 

( e ) The ball lands behind her hand, if air resistance is not negligible. 

19. This is a question of relative velocity. From the point of view of an observer on the ground, both 
trains are moving in the same direction (forward), but at different speeds. From your point of view 
on the faster train, the slower train (and the ground) will appear to be moving backward. (The 
ground will be moving backward faster than the slower train!) 

20. The time it takes to cross the river depends on the component of velocity in the direction straight 
across the river. Imagine a river running to the east and rowers beginning on the south bank. Let the 
still water speed of both rowers be v. Then the rower who heads due north (straight across the river) 
has a northward velocity component v. The rower who heads upstream, though, has a northward 
velocity component of less than v. Therefore, the rower heading straight across reaches the opposite 
shore first. (However, she won’t end up straight across from where she started!) 

21. As you run forward, the umbrella also moves forward and stops raindrops that are at its height above 
the ground. Raindrops that have already passed the height of the umbrella continue to move toward 
the ground unimpeded. As you run, you move into the space where the raindrops are continuing to 
fall (below the umbrella). Some of them will hit your legs and you will get wet. 
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Solutions to Problems 


[l] The resultant vector displacement of the car is given by 
D„ = D _ + D ... The westward displacement is 

R west south- 1 


south- ' 
west 



225 + 78 cos 45° = 280.2 km and the south displacement is 

78 sin 45° = 55.2 km . The resultant displacement has a magnitude of a/ 280.2 2 + 55.2 
The direction is 6 = tan~‘ 55.2/280.2 = 1 1° south of west 


286 km 


2. The truck has a displacement of 28 + (-26) = 2 blocks north and 16 blocks 
east. The resultant has a magnitude of yjr + 16' =16.1 blocks = 1 1 6 blocks 


and a direction of tan 1 2/16 = 7° north of east 


3. Given that V x = 7.80 units and V r = -6.40 units, the magnitude of V is 

10.1 units . The direction is 


given by V = jV* + V* = yjl. 80 2 + (-6.40) = 

, „ i -6-40 

given by 0 = tan 


7.80 


39.4°| , 39.4° below the positive x-axis. 



4. The vectors for the problem are drawn approximately to scale. The 
resultant has a length of 


17.5 m 


19 c 


north of east. If 


and a direction 

calculations are done, the actual resultant should be 17 m at 23° north of 
east. 



5. (a) See the accompanying diagram 


(c) V = yjv 2 + V; = ^/(-22.8) 2 + (9.85) 2 = |24.8 units 
9.85 


6 = tan 


22i 


23.4°above the -xaxis 



6. We see from the diagram that A = 6.8i and B = -5.5i. 


(a) C = A + B = 6.8i + (-5.5)i = [_T3jJ . The magnitude is 1.3 units , and the direction is [+x 

c b ) C = A - B = 6.8i - (-5.5) i = |l2.3i 

(c) C = B - A = (-5.5) i - 6.8i = |-12.3i 


. The magnitude is 

12.3 units 

, and the direction is 

+x 


. The magnitude is 12,3 units , and the direction is +r 
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[ 7 ] (a) v north = (835 km/h) (cos 41.5°) = 625km/h v west = (835km/h) (sin41.5°) = 553km/ 

(. b ) Arf north = v north t = (625 km/h) (2.50 h) = 1560 km 
A r/ west = v west ? = (553 km/h) (2.50 h) = 1380 km 


(a) Vj = — 6.0i + 8.0 j V t = V6.0 2 + 8.0 2 = 


9 = tan 


(. b ) V, = 4.5i - 5.0 j V 2 = V4.5 2 +5.0 2 =\6j] 9 = tan'~ 

(c) V, + V 2 = (-6.0i + 8.0 j j + (4.5i - 5 .0 j j = -1.5i + 3 .0 j 
|v, + V,| = Vl.5 2 + 3.0 2 = \ia\ 9 = tan -1 = | 1 1 7° 


- 6.0 

-5.0 


9 = tan 


(d) V 2 - V, = (4.5i - 5.0j) - ( — 6.0i + 8.0j) = 1 0.5i - 13. Oj 


V 2 - V, = V10.5 + 13.0 = 


, -13.0 

0 = tan -1 = 309° 


9. (a) V, + V 2 + V 3 = (4.0i - 8.0j) + (l.Oi + l.Oj) + (-2.0i + 4.0j) = 3.0i - 3.0j 


V 1+ V 2 + V 3 = V3.0- +3.0- = 


, -3.0 

9 = tan = 315° 

3.0 


(b) V, - V 2 + V 3 = (4.0i - 8.0j) - (l.Oi + l.Oj) + (-2.0i + 4.0j) = |l.0i-5.0j 

|v, -V, +V,| = Vl.O 2 +5.0 2 =^T1 9 = tan -1 = (280° | 
11 — 1.0 


10. A = 44.0cos28.0° = 38.85 A = 44.0sin28.0° = 20.66 

x y 

B =- 26. 5cos56. 0° = -14.82 B = 26.5sin56.0° = 21.97 


C =31.0cos270° = 0.0 


C = 31.0sin270° = -31.0 


(a) (A + B + C) =38.85 + (-14.82) + 0.0 = 24.03 = |24.0 
(A + B + C) v = 20.66 + 21.97 + (-31.0) = 1 1.63 = [l~L6 


C b ) A + B + C = -v/t 24.03)~ + (11.63)~ = |26.7 


9 = tan 1 — - — = 25.8° 
24.03 


11. A =44.0cos28.0° = 38.85 A = 44.0sin28.0° = 20.66 

x y 

B =-26.5 cos 56.0° = -14.82 B = 26.5sin56.0° = 21.97 

x y 

(a) (B-A) t = (-14.82)-38.85 = -53.67 (B-A) =21.97-20.66 = 1.31 

Note that since the x component is negative and the y component is positive, the vector is in the 
2 nd quadrant. 

B-A = —53 .7 i + 1.31j 
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B 


- A| = yj(- 53.67) 2 + (1.31) 2 = 1 53.7 1 0 B _ 4 = tan 


1.31 

-53.67 


1.4° above -x axis 


(b) (a-B) t = 38.85 - (-14.82) = 53.67 (A -b) = 20.66- 21.97 = -1.31 

Note that since the x component is positive and the y component is negative, the vector is in the 
4 th quadrant. 


53.7i-l.31j 


A-B = 

|A - B| = yj( 53.67) 2 + (-1.31) 2 = 


53.7 0 = tan - 


-1.31 

53.7 


1.4° below + x axis 


Comparing the results shows that B-A = -(A-B). 


12. A = 44.0cos28.0° = 38.85 

x 

C =31.0cos270° = 0.0 


A = 44.0sin28.0° = 20.66 

y 

C = 31.0sin270° = -31.0 


(A-C) = 38.85 - 0.0 = 38.85 (A-C) = 20.66- (-31.0) = 51.66 

A - C = 1 3 8.8i + 51.7j 


|A - c| = a/(38.85) 2 + (51.66) 2 = |64.6| 0 = tan 1 = 

38.85 


53. l c 


13. A. =44.0 cos 28.0° = 38.85 


A =44.0sin28.0° = 20.66 


B = -26. 5cos56.0° = -14.82 B = 26.5sin56.0° = 21.97 

x y 

C = 31.0cos270° = 0.0 C = 31.0sin270° = -31.0 

x y 

(a) (B-2A)= -14.82-2(38.85) = -92.52 (B-2A) v = 21.97 - 2 (20.66) = -19.35 

Note that since both components are negative, the vector is in the 3 rd quadrant. 

B - 2A = — 92.5i - 1 9.4 j 

-19.35 


B 


-2A,| = \j(-92.52) 2 + (-19.35) 2 = |94.5| 0 = tan 1 


-92.52 


1 1.8°below - x axis 


(b) (2A-3B + 2C) v = 2 (38. 85) -3 (-14.82) + 2 (0.0) = 122. 16 
(2A-3B + 2C) = 2 (20.66) -3 (21.97) + 2 (-3 1.0) = -86.59 


Note that since the x component is positive and the y component is negative, the vector is in the 
4 th quadrant. 


122i - 86.6 j 


150 9 = tan 


2A - 3B + 2C = | 

|2A - 3B + 2C\ = A y(l22.16) 2 +(-86.59) 2 
14 . A =44.0 cos 28.0° = 38.85 A = 44.0sin28.0° = 20.66 

x y 

B = -26. 5cos56.0° = -14.82 B = 26.5sin56.0° = 21.97 

x y 

C = 31.0cos270° = 0.0 C = 31.0sin270° = -31.0 

x y 

(a) (A-B + C) = 38.85-(-14.82) + 0.0 = 53.67 


-86.59 

122.16 


35.3°below + x axis 
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(A -B + C) = 20.66 -21.97 + (-31.0) = -32.31 

Note that since the x component is positive and the y component is negative, the vector is in the 
4 th quadrant. 


A-B + C = 


53. 7i - 32.3 j 


|A - B + C| = ^y(53.67) 2 + (-32.31) 2 = [6T6 

(b) (A + B-C) > = 38.85 + (-14.82)- 0.0 = 24.03 
(A + B-C) = 20.66 + 21.97 -(-31.0) = 73.63 

A + B-C = 


6 = tan 1 


-32.31 

53.67 


3 1.0° below + x axis 


24. Oi + 73 .6 j 


77.5 


|A + B - C| = yjl 24.03) 2 + (73.63) : 

(c) (C-A-B)^ = 0.0 - 38.85 -(-14.82) = -24.03 
(C-A-B) = -31.0-20.66-21.97 = -73.63 


6 = tan 


.! 73.63 
24.03 


7 1 .9° 


Note that since both components are negative, the vector is in the 3 quadrant. 
C-A-B = |-24.0i-73.6j 

-73.63 


C - A - B = J( -24.03) + (-73.63)" = |77.5| 9 = tan 


-24.03 


71.9° below - x axis 


Note that the answer to (c) is the exact opposite of the answer to ( b ). 

15. The x component is negative and the y component is positive, since the summit is to the west of 
north. The angle measured counterclockwise from the positive x axis would be 122.4°. Thus the 
components are found to be as follows. 

x = 4580 cos 122.4° = -2454 m y = 4580 sin 122.4° = 3867m z = 2450m 


r = -2450 mi + 3870 m j + 2450 mk 

i ? l=V 

(-2454) 2 + (4580) 2 + (2450) 2 = 

5190 m 


16. (a) Use the Pythagorean theorem to find the possible x components. 

*2 


90. 0 2 = x 2 + (-55.0)" -» x 2 = 5075 -» x = 1+71.2 units 

(b) Express each vector in component form, with V the vector to be determined. 
(71. 2i - 55.0 j) + (v\ + Vj) = -80. Oi + O.Oj -> 

V x . = (-80.0- 71.2) = -151.2 V v - 55.0 


V = 


-151. 2i + 55. Oj 


17. Differentiate the position vector in order to determine the velocity, and differentiate the velocity in 
order to determine the acceleration. 

dr 


r = (9.60/T + 8.85 j - l.OOrk) m 
dv 


v = 


dt 


(9.60i-2.00tk) m/s 


a = 


dt 


-2.00km/s 2 
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18. The average velocity is found from the displacement at the two times. 


V = 

avg 


t 2 -f 


(9.60 (3.00) i + 8.85 j-(3.00) 2 k) ml -[(9.60(1.00)1 + 8.85 j-(l.00) 2 k)m 


2.00s 


(9.60i -4.00k) m/s 


The magnitude of the instantaneous velocity is found from the velocity vector. 

dr 


v = ■ 


dt 


(9.60 i - 2.00?k) m/s 


v (2.00) = (9.60 i — (2.00) (2.00) k)m/s = (9.60 i - 4.00 k) m/s 
^(9.60) 2 + (4.00)~ m/s = 10.4 m/s 


v = 


Note that, since the acceleration of this object is constant, the average velocity over the time interval 
is equal to the instantaneous velocity at the midpoint of the time interval. 


1 9. | From the original position vector, we have x = 9.60?, y = 8.85, z = — 1 .00? . Thus 

( * ^ 
z 


A 

9.60 j 


= -ax~ ,y = 8.85. This is the equation for a | parabola | in the x-z plane that has its 


vertex at coordinate (0,8.85,0) and opens downward. 

20. (a) Average ve locity is displacement divided by elapsed time. Since the displacement is not 
known, the average velocity cannot be determined . A special case exists in the case of 
constant acceleration, where the average velocity is the numeric average of the initial and final 
velocities. But this is not specified as motion with constant acceleration, and so that special 
case cannot be assumed. 

( b ) Define east as the positive x-direction, and north as the positive y-dircction. The average 
acceleration is the change in velocity divided by the elapsed time. 


a = 

avg 


Av 27.5im/s - (-18.0jm/s) 


At 


8.00s 


= 3.44i m/s 2 + 2.25 j m/ s 


| a av g | = a/( 3 -44 m/ s 2 ) 2 + (2.25 m/ s 2 )" = 4.11m/; 


6 = tan 


2.25 

3.44 


33.2° 


(c) Average sp eed is distance traveled divided by elap sed time. Since the distance traveled is not 
known, the average speed cannot be determined . 


21. Note that the acceleration vector is constant, and so Eqs. 3-13a and 3-1 3b are applicable. Also 
v 0 = 0 and r 0 = 0. 

(a) 

(b) 

(c) 

(d) 


s — > 


v = v 0 + at = (4.0? i + 3.0? j) m/ 
v = yj v l + V v = ij(4.0? m/s) 2 + (3.0?m/s)~ - 5.0? m/s 


= 4.0?m/s , v = 3.0?m/s 


r = r 0 + v 0 ? + ^a ? 2 = 


(2.0? 2 i + 1.5? 2 j)m 


v (2.0) = 8.0m/s , v v (2.0) = 6.0m/s , v (2.0) = lO.Om/s , r (2.0) = (8.0i + 6.0 j)m 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

54 
















Chapter 3 


Kinematics in Two or Three Dimensions; Vectors 


22. Choose downward to be the positive y direction for this problem. Her acceleration is directed along 
the slope. 

(a) The vertical component of her acceleration is directed downward, and its magnitude will be 
given by a y = asinO = (l.80m/s 2 )sin30.0° = 0.900m/s 2 . 

( b ) The time to reach the bottom of the hill is calculated from Eq. 2- 12b, with ay displacement of 
325 m, v n = 0, and a = 0.900 m/s 2 . 

y - y 0 + v y0 t + \at 2 — » 325 m = 0 + 0 + y(0.900m/s 2 )(/f — > 


2(325 m) 
(0.900 m/s 2 ) 



23. The three displacements for the ant are shown in the diagram, 
along with the net displacement. In x and y components, they are 

+ 10.0cmi, (l0.0cos30.0°i + 10.0sin30.0° j)cm, , and 

(l0.0cosl00°i + 10.0sinl00° j)cm. To find the average velocity, 
divide the net displacement by the elapsed time. . 

(a) Ar = +10.0cmi + (l0.0cos30.0°i + 10.0sin30.0°j)cm 

+ (l0.0cosl00°i + 1 0.0 sin 1 00° j) cm = (l6.92i + 14.85 j) cm 
A? (l6.92i + 14.85 j)cm n tv — i 

Tr — _ ' / _ 1 Ki I T /r, 


At 2.00s + 1.80s + 1.55s 


= (3.16i + 2.78j) cm/s 


I -y O H O 

(b) v avg = J(3.16cm/s)- + (2.78cm/s)‘ = 4.21cm/s 6 = tan" 1 — = tan -1 — — = 41.3 C 


24. Since the acceleration vector is constant, Eqs. 3- 13a and 3- 13b are applicable. The particle reaches 
its maximum x coordinate when the x velocity is 0. Note that v 0 = 5.0 m/s i and r 0 = 0. 

v = v 0 + at = 5.0 im/s + (-3.0t i + 4.5/ j) m/s 

v. =(5.0- 3.0/) m/s -» v. = 0 = (5.0- 3.0/ r _ max )m/s -> t x _ max = = 1.67s 

3.0m/s 

v(/ v _max) = 5.0 im/s + [-3.0 (1.67) i + 4.5(1.67)/ jj m/s = 7.5 m/s j 
r = r 0 + v 0 / + ya t 2 = 5.0/im + y(-3.0/ 2 i + 4.5/ 2 j)m 

? (/,_ ma x) = 5.0(1.67) im/s + /[-3.0(l.67) 2 i + 4.5(l.67) 2 j]m= 4.2im + 6.3jm 


25. (a) Differentiate the position vector, r = (3.0 1 2 i - 6. 0/ 3 j)m, with respect to time in order to find 

the velocity and the acceleration. 

dr 

v = — = 
dt 
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(. b ) r (2.5 s) = I" 3.0 (2. 5) 2 i - 6.0 (2. 5) 3 jlm = (l9i-94j)m 

v(2.5s)= 6.0(2. 5)i - 18.0(2.5)" j m/s = (l5 i - 1 10j)m/s 

26. The position vector can be found from Eq. 3- 13b, since the acceleration vector is constant. The time 
at which the object comes to rest is found by setting the velocity vector equal to 0. Both components 
of the velocity must be 0 at the same time for the object to be at rest. 

v = v 0 + a? = (-14i- 7.0 j) m/s + (6.0? i + 3.0? j)m/s = [(-14 + 6.0?) i + (-7.0 + 3.0?) jjm/s 
v rest = (O.Oi + 0.0 j) m/s = [(-14 + 6.0?) i + (-7.0 + 3.0t) j]m/s — » 

14 

(v ) = 0.0 = -14 + 6.0? — » ? = s = /-s 

v x / rest 6 0 ^ 

7 0 

(v ) = 0.0 = -7.0 + 3.0? — » ? = — s = {s 

V y / rest 3 Q J 

Since both components of velocity are 0 at t = j s , the object is at rest at that time, 
r = r 0 + v 0 ? + |a? 2 = (o.Oi + 0.0j)m + (-14? i - 7.0? j)m + y(6.0? 2 i + 3.0? 2 j)m 

= (-i4 (f ) i - 7.0 (|) j) m + 1 (6.0 ( j) 2 i + 3.0 (}) 2 j) m 

= (_ 14 (i) + x 6 .0(i) 2 )im + (-7.0(f) + i3.0(i) 2 )jm 

= (— 16.3i - 8.16j)m = (-16.3i-8.2j)m 

27. Find the position at ? = 5.0 s, and then subtract the initial point from that new location. 

r (5.0) = 5.0(5.0) + 6.0(5.0) 2 ]mi+ 7.0 - 3.0(5.0) 3 ] m j = 175 mi - 368 m j 

Ar = (l75.0mi - 368.0m j) - (o.Omi + 7.0m j) = 175mi - 375m j 
|Ar| = -^(175 m)“ + (-375 m)" = 414 m 6 = tan" 1 = -65.0° 

28. Choose downward to be the positive y direction. The origin will be at the point where the tiger leaps 
from the rock. In the horizontal direction, v = 3 .2 m/s and a =0. In the vertical direction, 

v 0 = 0, a : = 9.80 m/s 2 , y 0 = 0, and the final location y = 7.5 m. The time for the tiger to reach 
the ground is found from applying Eq. 2- 12b to the vertical motion. 

y = y„ + v „? + \ci t 2 — > 7.5m = 0 + 0 + y(9.80m/s 2 )? 2 — > ?= j — 7- = 1.24sec 

• 7 ° yO 2 y 2\ l ) \ n „„ 2 


9.80 m/s 


The horizontal displacement is calculated from the constant horizontal velocity. 

Ax = vt = (3.2m/s)(l,24 sec) = 4.0 m 

29. Choose downward to be the positive y direction. The origin will be at the point where the diver 

dives from the cliff. In the horizontal direction, v x0 = 2.3 m/s and a ~ 0. In the vertical direction, 

v 0 = 0, a = 9.80 m / s 2 , y 0 = 0, and the time of flight is ? = 3.0 s. The height of the cliff is found 
from applying Eq. 2- 12b to the vertical motion. 
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y = y 0 + V J + T fl v r 


v = 0 + 0 + y (9.80 m/ s 2 )(3.0s) 2 


44 m 


The distance from the base of the cliff to where the diver hits the water is found from the horizontal 
motion at constant velocity: 

A* = V J = (2.3m/s)(3.0s) = 6.9 m 


30. Apply the range formula from Example 3-10: R = 


v 2 sin26’ 0 
g 


. If the launching speed and angle are 


held constant, the range is inversely proportional to the value of g. The acceleration due to gravity 
on the Moon is l/6 th that on Earth. 

2 •„ o/l 2 


_ Vp sin 26 g 

Earth 

& Earth 

& Earth 


■^Moon ^ Earth 


R x 


= 6 R v 


v 0 sin 2 9 0 

S Moon 


R 2 = R 2 

Earth o Earth Moon o Moon 


S ^ 


Thus on the Moon, the person can jump 6 times farther | . 


|31.| Apply the range formula from Example 3-10. 
v 2 sin 2 9 n 


R = 


g 


sin 26 g = 2 


2 0 n = sin -1 0.5799 


Rg (2.5 m)(9.80m/s 2 ) 


(6.5m/s)' 


= 0.5799 


0„ = 


18°,72 c 



There are two angles because each angle gives the 
same range. If one angle is 6 = 45° + 8 , then 
9 = 45° - 8 is also a solution. The two paths are shown in the graph. 

32. Choose downward to be the positive y direction. The origin will be at the point where the ball is 
thrown from the roof of the building. In the vertical direction, v 0 = 0, a - 9.80 m / s 2 , y 0 = 0, 

and the displacement is 9.0 m. The time of flight is found from applying Eq. 2-12b to the vertical 
motion. 


— > t — 


2(9.0 m) _ ^ 


= 1.355 sec 


y = y„ + v J + \a t 2 — » 9.0 m = y(9.80m/s 2 )t 2 

0 70 2 7 2V ' ' ]j9.80m/s' 

The horizontal speed (which is the initial speed) is found from the horizontal motion at constant 
velocity. 

Ax = v t 


v x = Ax/t = 9.5m/l.355s = 7.0m/s 


33. Choose the point at which the football is kicked the origin, and choose upward to be the positive y 
direction. When the football reaches the ground again, the y displacement is 0. For the football, 

v y 0 = (I8.0sin38.0°)m/s, a v = -9.80 m/s 2 , and the final y velocity will be the opposite of the 
starting y velocity. Use Eq. 2-12a to find the time of flight. 
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V v = v y0 + at 


t = 


v y v yo (-18.0sin38.0°)m/s-(l8.0sin38.0°)m/s 


-9.80 m/s 2 


2.26s 


34. Choose downward to be the positive y direction. The origin is the point where the ball is thrown 
from the roof of the building. In the vertical direction v v0 = 0, y Q - 0, and a r = 9.80 m/s 2 . The 

initial horizontal velocity is 23.7 m/s and the horizontal range is 31.0 m. The time of flight is found 
from the horizontal motion at constant velocity. 

A x-vt — > t = Ajc/Vj = 31.0 m/23.7m/s = 1.308 s 

The vertical displacement, which is the height of the building, is found by applying Eq. 2- 12b to the 
vertical motion. 

y = y 0 + v y0 t + \at 2 — > y = 0 + 0 + y(9.80m/s 2 )(l.308s)‘ = 


.38 m 


35. Choose the origin to be the point of release of the shot put. Choose upward to be the positive y 

direction. Then y a = 0, v y0 = (14.4 sin 34.0°) m/s = 8.05 m/s, a y = -9.80m/s 2 , and y = -2.10 m 
at the end of the motion. Use Eq. 2- 12b to find the time of flight. 


y = To + V + W 2 


+ v J~y = 0 


t = 


y o 


± V v ^o - 4 (z fl ,)(~f) _ -8.05± -y/(8.05) 2 -2(-9.80)(2.10) _ 

2 \a -9.80 

2 v 

Choose the positive result since the time must be greater than 0. Now calculate the 
horizontal distance traveled using the horizontal motion at constant velocity. 

Ax = vt = [(I4.4cos34.0°)m/s](l.872s) = 


872 s, -0.2290s 


22.3 m 


36. Choose the origin to be the point of launch, and upwards to be the positive y direction. The initial 
velocity of the projectile is v 0 , the launching angle is 9 0 , a = -g, y 0 = 0, and v 0 = v 0 sin 9 n . Eq. 

2- 12a is used to find the time required to reach the highest point, at which v , = 0. 


v - v n + at 

y y 0 up 


'up = 


v , - v y<> _ 0 - v 0 sin 0 O _ v 0 sin 9 0 


a ~g g 

Eq. 2- 12c is used to find the height at this highest point. 


v 2 = v 2 +2 a (y — y. j — > v = y„ + 

y y0 \2 max 70/ -7 max -7 0 


2 2 

v - V n 

v VO 


2 a . 


= o + ~ v " sin2 e ° ^ v » sin2 d ‘> 


-2 g 


2 g 


Eq. 2- 12b is used to find the time for the object to fall the other part of the path, with a starting y 
velocity of 0 and a starting height of v 0 = V ° Sm 0 


2g 


, 9 „ v: sin 2 9 n , , 

y = y„ + V yj + l a yt -> 0 = + O^down - 7 gt down 


2g 


'down 


v„ sin 


g 


A comparison shows that 


t = t, 

up down 


|37.| When shooting the gun vertically, half the time of flight is spent moving upwards. Thus the upwards 
flight takes 2.0 s. Choose upward as the positive y direction. Since at the top of the flight, the 
vertical velocity is zero, find the launching velocity from Eq. 2- 12a. 

v v = v r0 + at — > y v0 = v r -at = 0- (-9.80m/s 2 ) (2.0s) = 19.6 m/s 
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Using this initial velocity and an angle of 45° in the range formula (from Example 3-10) will give the 
maximum range for the gun. 

v/sin20 o (l9.6m/s)~ sin(90°) 


R = 


g 


9.80m/ s’ 


39m 


38. Choose the origin to be the point on the ground directly below the point where the baseball was hit. 
Choose upward to be the positive y direction. Then y 0 = 1 .0 m, y = 1 3.0 m at the end of the 

motion, v v0 = (27. Osin 45.0°) m/s = 19.09m/s, and a y = -9.80m/s 2 . Use Eq. 2- 12b to find the 
time of flight. 

T = To + V + W 2 ja/ + v y0 t + (y 0 -y) = 0 -> 

-v„o ± ^l v lo- 4 {^y)(y 0 -y) _ -19.09 ± yj( 19.09) 2 -2(-9.80)(-12.0) 


t = 


2 \a 

- y 


-9.80 


= 0.788s, 3.108s 

The smaller time is the time the baseball reached the building’s height on the way up, and the larger 
time is the time the baseball reached the building’s height on the way down. We must choose the 
larger result, because the baseball cannot land on the roof on the way up. Now calculate the 
horizontal distance traveled using the horizontal motion at constant velocity. 

Ax = vt = [(27.0cos45.0°)m/s](3.108s) = I 


59.3 m 


39. We choose the origin at the same place. With the new definition of the coordinate axes, we have the 
following data: y 0 = 0, y = +1.00m, v v0 = -12.0m/s, v r0 = -16.0m/s, a = 9.80m/s 2 . 

y - y 0 + v y0 t + y gt 2 — » 1.00m = 0 - (l2.0m/s)t + (4.90m/s 2 Jt 2 — » 

(4.90m/s 2 )r -(l2.0m/s)t-(l.00m) = 0 

This is the same equation as in Example 3-11, and so we know the appropriate solution is t = 2.53 s. 
We use that time to calculate the horizontal distance the ball travels, 
x - v x0 t = (-16.0m/s)(2.53s) = -40.5m 


Since the x-direction is now positive to the left, the negative value means that the ball lands 1 40.5 m| 
to the right of where it departed the punter’s foot. 

40. The horizontal range formula from Example 3-10 can be used to find the launching velocity of the 
grasshopper. 


R = 


vl sin 2 6* 


g 


-*■ v o - . 


Rg 

sin 26* 


(l.0m)(9.80m/s 2 ) 


sin 90° 


= 3.13m/s 


Since there is no time between jumps, the horizontal velocity of the grasshopper is the horizontal 
component of the launching velocity. 


v x - v 0 cos#,, - (3.13m/s)cos45° = 2.2m/; 


41. (a) Take the ground to be the v = 0 level, with upward as the positive direction. Use Eq. 2-12b to 
solve for the time, with an initial vertical velocity of 0. 

y = y 0 + v 0y t+ 2 a y t 2 — > 150m = 910m + |(-9.80m/s 2 )t 2 — > 
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t = 


1 2(150-910) 
' (-9.80 m/s 2 ) 


= 12.45s: 


12s 


(b) The horizontal motion is at a constant speed, since air resistance is being ignored. 
Ax = v t = (5.0 m/s) (12.45 s) = 62.25m = 62m 


42. Consider the downward vertical component of the motion, which will occur in half the total time. 
Take the starting position to be y = 0, and the positive direction to be downward. Use Eq. 2- 12b with 
an initial vertical velocity of 0. 


y = To + V + 2 a / /' = 0 + 0 + y gf iom = \g 


(O 

1 9.80 2 



t =1.225* « 

l.2r 

v2j 

1 8 



[43 . Choose downward to be the positive y direction. The origin is the point where the supplies are 
dropped. In the vertical direction, v 0 = 0, a v = 9.80 m/ s 2 , y 0 = 0, and the final position is 
y = 150 m. The time of flight is found from applying Eq. 2- 12b to the vertical motion. 
y - y 0 + v y0 t + ya v t 2 — > 160 m = 0 + 0 + y(9.80m/s 2 ) r — > 


t = 


2(150 m) 
'9.80 m/s 2 


5.5s 


Note that the horizontal speed of the airplane does not enter into this calculation. 

44. ( a ) Use the “level horizontal range” formula from Example 3-10 to find her takeoff speed. 


R =■ 


v~ sin 26* 


g 


-*■ v o - 


gR j 

|(9.80m/s-)(8.0m) 


8.9 m/s 

sin 2/9, V 

— 0.0 ill/ — 

sin 90° 


(. b ) Let the launch point be at they = 0 level, and choose upward to be positive. Use Eq. 2- 12b to 
solve for the time to fall to 2.5 meters below the starting height, and then calculate the 
horizontal distance traveled. 

I f _L n f- ' ^ C / O OCA /_ \ A COu . 1 / rv OA /_2 \ jl 

y — y 0 ~ l ~ V 0y l 2 a y l 


- 2.5 m = (8.854 m/s) sin 45°t + \ (-9.80 m/ s 2 ) r 


4.9r -6.261f-2.5m = 0 -» 


6.261 ±J 6.261 -4 4.9 -2.5 6.261 ±9.391 

t = ^ — = = -0.319s, 1.597s 

2(4.9) 2(4.9) 

Use the positive time to find the horizontal displacement during the jump. 

Ax = v 0x t = v 0 cos45°t = (8.854m/s)cos45°(l.597s) = 10.0m 


She will land exactly on the opposite bank, neither long nor short. 


45. Choose the origin to be the location at water level directly underneath the diver when she left the 
board. Choose upward as the positive y direction. For the diver, y 0 = 5.0 m, the final y position is 
y = 0.0 m (water level), a = -g, the time of flight is t = 1 .3 s, and the horizontal displacement is 
Ax = 3.0 m. 


( a ) The horizontal velocity is determined from the horizontal motion at constant velocity. 


Ax 3.0 m 
A x-vt — > v =- — • = 

X X ^ 

t 1.3 s 


= 2.3 1 m/s 
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The initial v velocity is found using Eq. 2- 12b. 

y = y 0 + v v0 t + \at 2 — > 0m = 5.0m + v, o (l.3 s) + y(-9.80m/s 2 )(l.3 s)‘ — > 
v v0 =2.52 m/s 

Thus the velocity in both vector and magnitude / direction format are as follows. 

v 0 = (2.3i + 2.5j)m/s v 0 = yjv 2 x + v 2 0 = 2.31m/s) 2 + (2.52m/s)~ = 3.4 m/s 

6 = tan -1 — — = tan -1 — — = 48° above the horizontal 

v x 2.31 m/s 

( b ) The maximum height will be reached when the y velocity is zero. Use Eq. 2- 12c. 

v; = v; 0 + 2aAy — » 0 = (2.52 m/s)- + 2 (-9.80m/s 2 ) (y max - 5.0 m) — » 



(c) To find the velocity when she enters the water, the horizontal velocity is the (constant) value of 
v x = 2.3 1 m/s . The vertical velocity is found from Eq. 2- 12a. 

v, = v y0 + at = 2.52 m/s + (-9.80 m/s 2 ) (1.3 s) = -10.2 m/s 
The velocity is as follows. 
v f = (2.3i - 10.2j)m/s 

v { = fl + v( = ^(2.31m/s )' + (-10.2m/s)~ = 10.458m/s= lOm/s 

0 l = tan 1 — = tan~‘ m ^ S = -77° (below the horizontal) 
v ft 2.31 m/s 

46. Choose the origin to be at ground level, under the place where the projectile is launched, and 
upwards to be the positive y direction. For the projectile, v 0 = 65.0 m/s , 9 0 = 35.0°, a , = -g, 

y 0 = 1 1 5 m, and v y0 = v 0 sin 0 O . 


(a) 

C b ) 
(c) 


The time taken to reach the ground is found from Eq. 2- 12b, with a final height of 0. 
y =T 0 + V y0 t+ 2 a yf 0 = T 0 + V 0 Sil1 ~ 2 ^ 


-v 0 sin 0 O ± Jv 2 0 sin 2 9 0 - 4 (-jg) y 0 


= 9.964s, -2.3655s = 9.96s 


2(~ig) 1 1 

Choose the positive time since the projectile was launched at time t = 0. 

The horizontal range is found from the horizontal motion at constant velocity. 

Ax = vt = (v 0 cos# 0 )t = (65. Om/s) (cos35.0°) (9.964s) = 531m 
At the instant just before the particle reaches the ground, the horizontal component of its 
velocity is the constant v x = v 0 cosd 0 = (65.0 m/s) cos 35.0° = 53.2 m/s . The vertical 
component is found from Eq. 2- 12a. 

v y = v v0 + at = v 0 sin 6 t) - gt = (65.0 m/s) sin 35.0° - (9.80m/ s 2 ) (9.964s) 

= -60.4 m/s 
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(d) The magnitude of the velocity is found from the x and y components calculated in part (c) 
above. 

v = ^jv 2 x + v( - ^(53.2m/s )' + (-60.4 m/s)" = 80.5 m/s 

(■ e ) The direction of the velocity is 6 = tan 1 — = tan -1 = -48.6° , and so the object is 

v 53.2 

moving 48.6° below the horizon . 

(/) The maximum height above the cliff top reached by the projectile will occur when the ji- 
ve loci ty is 0, and is found from Eq. 2- 12c. 

v l = V v0 + 2a y (y - To ) -> 0 = v 0 2 sin 2 0 O - 2gy max 

= n 2 sin ' jo = (65.0 m/s) 2 sin 2 35.0° = i 
max 2g 2 (9.80 m/s 2 ) — 1 


47. Choose upward to be the positive y direction. The origin is the point from which the football is 

kicked. The initial speed of the football is v 0 =20.0m/s. We have v r0 = v 0 sin 37.0° = 12.04 m/s, 

y 0 - 0, and a y = -9.80m/ s 2 . In the horizontal direction, v x = v 0 cos37.0° = 15.97 m/s, and 

Ax = 36.0 m. The time of flight to reach the goalposts is found from the horizontal motion at 
constant speed. 

A x-vt — > t = Ax/v r = 36.0 m/15. 97 m/s = 2.254s 

Now use this time with the vertical motion data and Eq. 2- 12b to find the height of the football when 
it reaches the horizontal location of the goalposts. 

y ~ y 0 +v y0 t + \a y t 2 = 0 + (12.04 m/s) (2.254 s) + \ (-9.80 m/s 2 ) (2.254s)" = 2.24 m 

Since the ball’s height is less than 3.00 m, the football does not clear the bar . It is 0.76 m too low 
when it reaches the horizontal location of the goalposts. 

To find the distances from which a score can be made, redo the problem (with the same initial 
conditions) to find the times at which the ball is exactly 3.00 m above the ground. Those times 
would correspond with the maximum and minimum distances for making the score. Use Eq. 2- 12b. 

y = y 0 + v y0 t + \a y t 2 — > 3.00 = 0 + (12.04 m/s ) t + y(-9.80m/s 2 )r — > 

, 12.04 ± J(12.04) 2 - 4 (4.90) (3.00) 

4.90r - 12.04? + 3.00 = 0 -> t = ^ - — = 2.1757s, 0.2814s 

2(4.90) 

Ax, = v x t = 15.97 m/s (0. 2814s) = 4.49m ; Ax, = v t = 15.97 m/s (2.1757s) = 34.746m 
So the kick must be made in the range from 4.5 m to 34.7 m . 


48. The constant acceleration of the projectile is given by a = -9.80m/s 2 j. We use Eq. 3- 13a with the 
given velocity, the acceleration, and the time to find the initial velocity. 

v = v 0 + at — > v 0 = v - at = (8.6i + 4.8 j)m/s- (-9.80 m/s 2 j) (3.0s) = (8.6 i + 34.2 j) m/s 

The initial speed is v 0 = ^(8.6 m/s) 2 + (34.2 m/s) - = 35.26 m/s, and the original launch direction is 
34 2 m/s 

given by 6 0 - tan = 75.88°. Use this information with the horizontal range formula from 

8.6 m/s 

Example 3-10 to find the range. 
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(a) 


6.0xl0‘m 


_ Vq sin20 o _ (35.26 m/s)~ (sin 151 .76°) _ j 
g 9.80 m/s 2 g 

( b ) We use the vertical information to find the maximum height. The initial vertical velocity is 
34.2 m/s, and the vertical acceleration is -9.80 m/s 2 . The vertical velocity at the maximum 
height is 0, and the initial height is 0. Use Eq. 2- 12c. 
v 2 = v 2 + 2a (y -v) — > 

y j'U y \ s max s (J / 

2 2 2 -(34.2 m/s) 2 


v = y n + ■ 

s max s U 


yo 


o y 


= 59.68m 


6-OxlO‘m 


(c) 


2 a y 2a v 2(-9.80m/s 2 ) 

From the information above and the symmetry of projectile motion, we know that the final 
speed just before the projectile hits the ground is the same as the initial speed, and the angle is 

the same as the launching angle, but below the horizontal. So v fmal = 35 m/s and 


t?fmai = 1 76° below the horizontal!. 


|49.| Choose the origin to be the location from which the balloon is 
fired, and choose upward as the positive y direction. Assume 
the boy in the tree is a distance H up from the point at which 
the balloon is fired, and that the tree is a distance d horizontally 
from the point at which the balloon is fired. The equations of 
motion for the balloon and boy are as follows, using constant 
acceleration relationships. 

Walloon = V 0 C0S 6 <f y Balloon = 0 + V 0 Sil1 “ 2 T B „v =H~ 

Use the horizontal motion at constant velocity to find the elapsed time after the balloon has traveled 
d to the right. 



d - v 0 cos d Q t D 


— > 


to = 


d 


v„ cos 6 n 


Where is the balloon vertically at that time? 

-ygtl = v 0 sin 0 { 


^Balloon =v 0 sin6> 0 ^' 


d 


v 0 cos9 0 


IS 


d 


v U> cos 9 0 j 


V r 

= d tan G a — \g 


d 


vUeos d aJ 


Where is the boy vertically at that time? Note that H = d tan O o . 

f d V f 

= d tan 9 a -\g 


Tbov = H -Tgtl =H~\_g 


vU cos ^,7 


v v o cos d 0 j 


Note that y Balloon = v l!ny , and so the boy and the balloon are at the same height and the same 
horizontal location at the same time. Thus they collide! 


50. (a) Choose the origin to be the location where the car leaves the ramp, and choose upward to be the 
positive y direction. At the end of its flight over the 8 cars, the car must be at y = - 1.5 m. Also 

for the car, v 0 = 0, a = -g, v x = v 0 , and Ax = 22 m. The time of flight is found from the 
horizontal motion at constant velocity: Ax = vj — » t = Ax/v 0 . That expression for the time 
is used in Eq. 2- 12b for the vertical motion. 

T = To + V + 7«/ T = 0 + 0 + t(“^)( Ax / v o) 2 
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l~g( Ax) 2 _ I- (9.80 m/s 2 ) (22m) 2 
2 (y) V 2 (-1.5 m) 


= 39.76m/s = 40m/ 


(. b ) Again choose the origin to be the location where the car leaves the ramp, and choose upward to 
be the positive y direction. The y displacement of the car at the end of its flight over the 8 cars 
must again be y = -1.5 m. Forthe car, v 0 = v 0 sin# 0 , a y - -g, v x = v 0 cos# 0 , and 

Ax = 22 m. The launch angle is O 0 =7.0°. The time of flight is found from the horizontal 
motion at constant velocity. 

Ax 


Ax = v t 


t = ■ 


v 0 cos e (l 


That expression for the time is used in Eq. 2- 12b for the vertical motion. 

f a- V 


j'=j'o + v+w 


y = v 0 sin 0 


Ax 


v 0 cos 0 O 


H(-s) 


Ax 


V V 0 COs6» 0 y 


g(Ax)' 


(9.80m/s 2 )(22m)~ 


2 (Ax tan# 0 - y)cos 2 0 O V 2 ((22 m) tan 7.0° + 1.5 m)cos 2 7.0° 


24 m/s 


5 1 . The angle is in the direction of the velocity, so find the components of the velocity, and use them to 
define the angle. Let the positive y-di recti on be down. 


v.. = v„ 


_! V 

v v =v v0 +a J = gi 0 = tan— = 


, -i g* 

tan — 


52. Choose the origin to be where the projectile is launched, and upwards to be the positive;’ direction. 
The initial velocity of the projectile is v 0 , the launching angle is 0 O , a = -g, and v 0 = v 0 sin#,,. 


The range of the projectile is given by the range formula from Example 3-10, R = 


v" sin2# 0 
g 


. The 


maximum height of the projectile will occur when its vertical speed is 0. Apply Eq. 2-12c. 


V v = V v0 + 2 <*y ( y - To ) 0 = v 0 2 sin 2 0 O - 2gy 

Now find the angle for which R = y 

R=v 

s max 


— ^ y ~ 

s max 


v- sin- # 0 


2g 


max 

2 -2 


v 0 sin 2# 0 _ v 0 sin d Q 


g 

2 sin # 0 cos 6 0 = \ sin 2 # 0 


2g 


4 cos 0 O = sin 0 O 


sin2# 0 = Tsin" 0 O 


tan 0 O = 4 


0 n = tan 1 4 = 76 


53. Choose the origin to be where the projectile is launched, and upwards to be the positive;’ direction. 
The initial velocity of the projectile is v 0 , the launching angle is 0 O , a - -g, and v v0 = v 0 sin 0 O . 

(a) The maximum height is found from Eq. 2- 12c, v 2 = v 2 0 + 2a (y - y 0 ), with v = 0 at 
the maximum height. 

(46.6m/s)~ sin 2 42.2° 


v = 0 + 

max 


2 2 
v y -v 


y o 


-v 2 sin 2 0 O _ v 2 sin 2 0 O 


2 a 


-2 g 


2 g 


2 (9.80m/ s 2 ) 


50.0m 
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( b ) The total time in the air is found from Eq. 2- 12b, with a total vertical displacement 
of 0 for the ball to reach the ground. 

T = T 0 + V + T a / ° = v 0 sin0 0 t-±gt 2 -» 

2v„sin# 0 2 (46.6 m/s) sin 42.2° 


t = 


6.39s 


and t = 0 


g (9.80m/s 2 ) 

The time of 0 represents the launching of the ball. 

(c) The total horizontal distance covered is found from the horizontal motion at constant velocity. 


Ax = vt = (v 0 cos 9 0 )t = (46.6m/s)(cos42.2°)(6.39s) = 221m 

(d) The velocity of the projectile 1.50 s after firing is found as the vector sum of the horizontal 
and vertical velocities at that time. The horizontal velocity is a constant v 0 cos 9 (] = 

(46.6m/s)(cos42.2°) = 34.5m/s. The vertical velocity is found from Eq. 2- 12a. 

v , = v v0 +at = v 0 sin# 0 - gt = (46.6 m/s) sin 42.2° - (9.80 m/s 2 ) (l .50s) = 16.6 m/s 

Thus the speed of the projectile is v = Jv 2 x + v 2 = V 34. 5 2 + 16. 6 2 = 1.38.3 m/; 


The direction above the horizontal is given by 9 = tan 1 — = tan 1 — — 

v. 34.5 


25.7° 


54. (a) Use the “level horizontal range” formula from Example 3-10. 


R = 


v, 2 sin 261, 


Rg 


g 


sin 29 n 


(7.80 m )(9.80m/s 2 ) 
sin 54.0° 


9.72 m/s 


(6) Now increase the speed by 5.0% and calculate the new range. The new speed would be 
9.72 m/s ( 1.05) = 10.2 m/s and the new range would be as follows. 

v;sin2# n (10.2 m/s)" sin 54° 

R = — 1 = i — L — = 8.59 m 


g 

This is an increase of 


9.80 m/s 


0.79 m (10% 


increase 


|55.| Choose the origin to be at the bottom of the hill, just where the incline starts. The equation of the 
line describing the hill is y 2 = x tan (j). The equations of the motion of the object are 

y i = v 0v t + \a v t 2 and x = v 0x t, with v 0r = v 0 cos 9 and v 0r = v 0 sin 9. Solve the horizontal 
equation for the time of flight, and insert that into the vertical projectile motion equation. 


t = 


— > y x - v 0 sin#- 


v 0 , v 0 cos 9 v 0 cos 9 


-g 


\ v o cos 0 J 


- x tan 9 ■ 


g x 


2v 2 cos 2 9 


Equate the v-cxprcssions for the line and the parabola to find the location where the two x- 
coordinates intersect. 

2 


x tan (f> = x tan 9 ■ 


gx 


x = 


( tan 9 - tan < 


2v/ cos 2 9 


-2v n cos’ 9 


tan 9 - tan <p = 


gx 


2v 0 2 cos 2 9 


g 


This intersection x-coordinate is related to the desired quantity d by x = d cost/). 
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, . 2v 2 cos 2 # 2v~ / 2 \ 

dcost/) = (tan#- tan0) — — > d = 5 — (sin# cos#- tan 0 cos' 6) 

g g COS^ V 

To maximize the distance, set the derivative of d with respect to # equal to 0, and solve for #. 
did) 2v 2 d , . n n , 2 /i\ 


dO gcostp d9 


(sin#cos# - tan (j> cos 2 #) 


gCOS0 


gcos^ 


[sin# (-sin#) + cos 8 (cos #) - tan 0 (2) cos# (-sin#)] 

2 y 2 

P — sin 2 # + cos' # + 2 tan 0 cos# sin #1 = 5 — [cos 2# + sin 2# tan <p\ = 0 

L J gcos</> 


cos 2# + sin 2# tan 0 = 0 — > 0 = i tan 1 

^ tan ^ ) 

This expression can be confusing, because it would seem that a negative sign enters the solution. In 
order to get appropriate values, 1 80° or n radians must be added to the angle resulting from the 
inverse tangent operation, to have a positive angle. Thus a more appropriate expression would be the 
following: 


# = 4 n + tan 1 - 


This can be shown to be equivalent to # = — + —, because 

2 4 


-1 ^ -1 / , \ _1 , 'L . 

tan = tan (-cot0) = cot cot <p = <p . 


56. See the diagram. Solve for R, the horizontal range, which is the horizontal speed times the time of 
flight. 

R = (v 0 cos9 0 )t -» t = — 

v 0 cos# 0 

h = ( v 0 sin # 0 ) t - fgt 1 -> \gi- -(v 0 sin 0 o )t + h = 0 -> 

2 2v 2 cos 2 #„ tan # 2 hvl cos 2 #„ 

R - R — + 2 — = 0 

g g 



2 



VqCOS#„ 

g 

Which sign is to be used? We know the result if h = 0 from Example 3-10. Substituting h = 0 gives 
v cos 0 

R = — [v 0 sin # 0 ± v 0 sin # 0 ] . To agree with Example 3- 1 0, we must choose the + sign, and so 

g 

. We see from this result that if h > 0, the range will 

shorten, and if h < 0, the range will lengthen. 
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57. Call the direction of the boat relative to the water the positive direction. For the jogger moving 
towards the bow, we have the following: 


v. = v. + v. , , = 2.0 m/si + 8.5 m/si = 10.5m/si 

jogger jogger boatrel. II / 


jogger jogger 

rel. water rel. boat water 


For the jogger moving towards the stem, we have the following. 


v. = v. +v. . , = -2.0 m/si + 8.5 m/si = 6.5 m/si 

logger logger boat rel. Ill 


jogger jogger 

rel. water rel. boat water 


58. Call the direction of the flow of the river the x direction, and the 
direction of Fluck walking relative to the raft the y direction. 

V„ = V„„„, + V raftrel = 0.70j m/ s + 1 .50i m/ s 


Huck 
rel. bank 


Huck 
rel. raft 


Magnitude: v 


(l.50i + 0.70 j) m/s 

-K 


Huck 
rel. bank 


50 2 + 0.70 2 = 


1.66 m/s 


Direction: 9 = tan 


0.70 

1.50 


25 “relative to river 



(current ) 


59. From the diagram in Figure 3-33, it is seen that v. 


boat rel. 
shore 


= V 


boat rel. 
water 


cos 9 = 


(l.85m/s)cos40.4° = 1.41m/s 



60. If each plane has a speed of 780 km/hr, then their relative speed of approach is 1560 km/hr. If the 
planes are 12.0 km apart, then the time for evasive action is found as follows. 


A d - vt — > t - 


A d 


12.0 km 
v 1560 km/hr j 


3600 sec 


1 hr ) 


27.7 s 


|61.| The lifeguard will be carried downstream at the same rate as the child. Thus only the horizontal 

motion need be considered. To cover 45 meters horizontally at a rate of 2 m/s takes — — = 

2 m/s 

for the lifeguard to reach the child. During this time they would both be moving 

downstream. 


22.5s 


23 s 


downstream at 1.0 m/s, and so would travel (l.Om/s) (22.5s) = 22.5m • 


23 m 


62. Call the direction of the boat relative to the water the x direction, and upward the y direction. Also 
see the diagram. 

v„ 


V = V + V, , . 

passenger passenger boat rel. 

rel. water rel. boat water 


= (0.60cos45°i + 0.60sin45°j)m/s + 1.70im/s 



(2. 12i + 0.42 j) m/s 


1 boat rel. 
water 
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63. (a) Call the upward direction positive for the vertical motion. Then the velocity of the ball 

relative to a person on the ground is the vector sum of the horizontal and vertical motions. The 
horizontal velocity is v x = 10.0 m/s and the vertical velocity is v = 5.0 m/s. 


v = lO.Om/si + 5.0m/s j — » v = y(l0.0m/s)~ + (5.0m/s)‘ = 11.2m/s 
5.0m/s 


9 = tan 


lO.Om/s 


27° above the horizontal 


(b) The only change is the initial vertical velocity, and so v = -5.0 m/s . 

v = lO.Om/si - 5.0m/s j — > v = -^(lO.Om/s) 2 + (-5.0m/s)" = 11.2m/s 
_! -5.0 m/s 


6 = tan 


lO.Om/s 


27° below the horizontal 


64. Call east the positive x direction and north the positive y direction. Then the 
following vector velocity relationship exists. 


(a) v 


= y + y 

plane rel. plane air rel. 


ground 


rel. air ground 


-580jkm/h + (90.0cos45.0°i + 90.0sin45.0°j)km/h 
^63. 6i — 5 16 km/h 


plane rel. 
ground 


= J(63.6km/h) +(-516km/h) = 520 km/h 


plane 
rel. air 


63 6 

9 = tan -1 — — = -7.0° = 1 7.0° east of south 


plane rel. 
ground 


-516 

( b ) The plane is away from its intended position by the distance the air has caused 

it to move. The wind speed is 90.0 km/h, so after 1 1.0 min the plane is off course by the 
following amount. 


r air rel. 
ground 


Ax = vj = (90.0km/h)(ll.0 min) 


r lh A 


60 min 


16.5 km 


65. Call east the positive x direction and north the positive y direction. Then the 
following vector velocity relationship exists. 


y = y + v 

plane rel. plane air rel. 


— > 


ground 

-v 


rel. air ground 


plane rel. 
ground 


j = (-580sin#i + 580 cos km/h 

+ (90.0cos45.0°i + 90.0sin45.0°j)km/h 

Equate x components in the above equation. 

0 = -580sin# + 90.0cos45.0° — > 


9 = sin 


_! 90.0eos45.0 c 
580 


6.3°, west of south 



plane rel. 
ground 


air rel. 
ground 
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66. Call east the positive x direction and north the positive y direction. From 
the first diagram, this relative velocity relationship is seen. 


V = V + V 

car 1 rel. car 1 rel. car 2 rel. 

street car 2 street 


v , , =v , . -v , . = 35 j km/h - 45i km/h = (—451 + 35 j) km/h 

car 1 rel. car 1 rel. car 2 rel. J / / \ J / ' 


street street 


For the other relative velocity relationship: 


V = V + V 

car 2 rel. car 2 rel. car 1 rel. 

street car 1 street 


v , . = v , . -v , . = 45i km/h -35 j km/h = ( 45i — 35j) km/h 

car 2 rel. car 2 rel. car 1 rel. / J / \ J / / 


street street 


Notice that the two relative velocities are opposites of each other: v c 


y I car 1 

car 1 relTS. Q I rel 


car 2 rel. 
street 



Call the direction of the flow of the river the x direction, and the direction 
straight across the river they direction. Call the location of the swimmer’s 
starting point the origin. 

v . = v . + v , . = 0.60m/s j + 0.50m/si 

swimmer swimmer water rel. / / 


rel. shore rel. water shore 


(a) Since the swimmer starts from the origin, the distances covered in 
the x and y directions will be exactly proportional to the speeds in 
those directions. 

Ax vt v_ Ax 0.50 m/s . i— — i 


Av v tv 55 m 0.60 m/s 1 1 

s y y / 

( b ) The time is found from the constant velocity relationship for either the x or y directions. 

Ay 55 m r— 

Ay - v t — > t- — = — = 92 s 

v 0.60 m/s 


Ax = 46 m 


water rel. 
shore 


swimmer 
rel. water 


68. (a) Call the direction of the flow of the river the x direction, and the 
direction straight across the river the y direction. 


sin 6* = 


0.50m/s ^ . _! 0.50 _ AAn ti 

L > d = sm 1 = 56.44° « 56° 

0.60 m/s 0.60 



(. b ) From the diagram her speed with respect to the shore is found as follows, 
v -v . COS6 1 = (0.60m/s)cos56.44° = 0.332m/s 

swimmer swimmer \ / / / 


rel. shore rel. water 


The time to cross the river can be found from the constant velocity relationship. 

Ax 55 m r— — — — ry 

Ax = vt —> t = — = — = 170s = 2.8 mm 

v 0.332 m/s 


69. The boat is traveling directly across the stream, with a heading of 9 = 19. 5 C 
upstream, and speed of v boatrel = 3.40 m/s. 


(^0 ^waterrel. ^boat rel. 


sin# = (3.40 m/s) sin 19.5° = Il.l3m/s 


(*) v boat re i. = v boatrei. cos e = ( 3 .40 m/s ) cos 1 9.5° = |3.20m/s 


shore water 
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70. Call the direction of the flow of the river the x direction (to the left in 
the diagram), and the direction straight across the river the y direction 
(to the top in the diagram). From the diagram, # = tan 1 120 m/280 m 
= 23°. Equate the vertical components of the velocities to find the 
speed of the boat relative to the shore. 


v. , . cos# = v. , . sin 45° 

boat rel. boat rel. 


v boa,re>. = (2.70 m/s) Sm ^ =2.07m/s 
shore COS 23° 

Equate the horizontal components of the velocities. 

v. , , sin 0 = v. , , cos 45° - v . — > 

boat rel. boat rel. water 



v , = v. , , cos 45° - v. , , sin # 

water boat rel. boat rel. 

rel. shore water shore 


= (2.70m/s)cos45° - (2.07 m/s)sin23° = l.lOm/s 


71 . Call east the positive x direction and north the positive y direction. The 
following is seen from the diagram. Apply the law of sines to the 
triangle formed by the three vectors. 


plane air rel. Cur rel. 

rel. air ground • f\ ground 


sinl28° sin# 


-» sin# = -^^-sinl28° -» 


# = sin -1 -^^-sinl28° = shT 1 sinl28° =5.6° 

v , 580 km/h , 


Vptaerel. 7128°! gr ° Und 

^ plane rdl. 
ground! 


So the plane should head in a direction of 38.0° + 5.6° = 43.6°north of east . . 

72. (a) For the magnitudes to add linearly, the two vectors must be parallel. V, || V 2 

( b ) For the magnitudes to add according to the Pythagorean theorem, the two vectors must be at 
right angles to each other. V, _L V 2 


(c) The magnitude of V 2 vector 2 must be 0. V, = 0 


73.| Let east be the positive x-direction, north be the positive y-dircction, and up 
be the positive z-dircction. Then the plumber’s resultant displacement in 

component notation is D = 66 m i - 35 m j - 12 m k . Since this is a 3- 

dimensional problem, it requires 2 angles to determine his location (similar 
to latitude and longitude on the surface of the Earth). For the x-y 
(horizontal) plane, see the first figure. 

, D , -35 

<b — tan — — = tan = -28° = 28° south of east 

D 66 

x 

D xy = ^Dl+D] = 7(66) 2 + (- 35) 2 = 74.7m * 75m 
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For the vertical motion, consider another right triangle, made up of D as 
one leg, and the vertical displacement D_ as the other leg. See the second 
figure, and the following calculations. /) 

D -12m 

6, = tan — — = tan = -9° - 9° below the horizontal 



D 


xy 


74.7 m 


D = JDl + D 2 _ = Jd 2 +D:+ D] = yj{ 66) 2 + (-35) 2 + (-12) 2 = 76 


xy 


y 


The result is that the displacement is 


76m 


, at an angle of 


28° south of east 


= /b m 

, and 


9° below the horizontal . 


74. The deceleration is along a straight line. The starting velocity is 1 10 km/h 


^ 1 m/s ^ 


3.6 km/h 


= 30.6 m/s, 


and the ending velocity is 0 m/s. The acceleration is found from Eq. 2-12a. 

30.6 m/s . __ / 2 


v = v 0 + at — ■> 0 = 30.6m/s + a (7.0 s) — > a - -- 


7.0 s 


■ = -4.37 m/s 2 


The horizontal acceleration is a hmiz = a cos 6 = -4.37 m/s 2 (cos 26°) = -3.9 m/; 


The vertical acceleration is a vcrt = a sin<9 = -4.37m/s 2 (sin26°) = -1.9m/; 


The horizontal acceleration is to the left in Figure 3-54, and the vertical acceleration is down. 


75. Call east the positive x direction and north the positive y direction. Then this 
relative velocity relationship follows (see the accompanying diagram). 

V = y + y 

plane rel. plane air rel. 

ground rel. air ground 

Equate the x components of the velocity vectors. The magnitude of v 


plane rel. 
ground 


is given as 135 km/h. 

(l35km/h)cos45° = 0 + 



— ■» v . = 95.5 km/h . 

wind x / 


From the y components of the above equation, we find v 


wind y * 

-1 35 sin 45° = -185 +v windr -> v windv = 185- 135 sin45° = 89.5 km/h 


The magnitude of the wind velocity is as follows. 


The direction of the wind is 0 = tan 


+ V wmdv - y(95.5km/h)" + (89.5km/h) = 131km/h 

, 89.5 


- 1 Cvind-y 


= tan 


95.5 


43.1° north of east 


76. The time of flight is found from the constant velocity relationship for horizontal motion. 

A x-vt- — > t - &x/v x - 8.0 m/9.1 m/s = 

The y motion is symmetric in time - it takes half the time of flight to rise, and half to fall. Thus the 
time for the jumper to fall from his highest point to the ground is 0.44 sec. FTis vertical speed is zero 
at the highest point. From the time, the initial vertical speed, and the acceleration of gravity, the 
maximum height can be found. Call upward the positive y direction. The point of maximum height 


0.88 s 
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is the starting position y Q , the ending position is y = 0, the starting vertical speed is 0, and a - -g. 
Use Eq. 2- 12b to find the height. 


T = To + V + T a / -> 0 = y 0 + 0 -7(9.8 m/s 2 ) (0.44 s) 2 


0.95 m 


77. Choose upward to be the positive y direction. The origin is the point from which the pebbles are 
released. In the vertical direction, a = -9.80 m/ s 2 , the velocity at the window is v = 0, and the 
vertical displacement is 8.0 m. The initial y velocity is found from Eq. 2-12c. 
v l = v l« + 2a y(y- y 0 ) 

Uo = \l v l~ 2a y(y- - v o) = A /o-2(-9.80m/s 2 )(8.0 m) = 12.5 m/s 
Find the time for the pebbles to travel to the window from Eq. 2- 12a. 


U = V y0 + at 


t = 


y 0 


0 - 12.5 m/s 


= 1.28s 


a -9.80 m/s 
Find the horizontal speed from the horizontal motion at constant velocity. 
Ax = v t 


v x = A x/t = 9.0 m/l.28 s = 7.0 m/s 


This is the speed of the pebbles when they hit the window. 


78. 


Choose the x direction to be the direction of train travel (the direction the 
passenger is facing) and choose the y direction to be up. This relationship exists 
among the velocities: v . , = v . , + v, . , . From the diagram, find the 

c> rain rel. ram rel. tram rel. ’ 

ground train ground 


expression for the speed of the raindrops. 


tan 9 = 


train rel. 
ground 


rain rel. 
ground 


rain rel. 
ground 


— » 


rain rel. 
ground 


tan 6 



19. Assume that the golf ball takes off and lands at the same height, so that the range formula derived in 
Example 3-10 can be applied. The only variable is to be the acceleration due to gravity. 


Earth = V 0 Sil1 2 6 0 / ^Earth ^Moo„ = U Sil1 20 O / g * 


R r 


v 0 2 sin 20 o /g E 


Koon v„sin2 e Q /g % 


y§ E 


£i\ 


l /g* 


§E 


32 m 
180 m 


= 0.18 


^Moca =0-18g Earth =0.18(9.80m/s 2 ) = ^8m/s 


80. (a) Choose downward to be the positive y direction. The origin is the point where the bullet 
leaves the gun. In the vertical direction, v 0 =0, y 0 = 0, and a y = 9.80 m/s 2 . In the 

horizontal direction, Ax = 68.0 m and v r = 175 m/ s . The time of flight is found from the 
horizontal motion at constant velocity. 

Ax-vJ — > t - Ax/v x = 68.0 m/l75m/s = 0.3886 s 
This time can now be used in Eq. 2- 12b to find the vertical drop of the bullet. 
y = y 0 + v v0 t + \a y t 2 — > y = 0 + 0 + \{9. 80 m/s 2 ) (0. 3886 s)" = 


0.740 m 
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(b) 


For the bullet to hit the target at the same level, the level horizontal range formula of Example 
3-10 applies. The range is 68.0 m, and the initial velocity is 175 m/s. Solving for the angle of 
launch results in the following. 

2 -in 0 m so m / \ 


g v o (175 m/s 


R = 


— > 


sin 26 = 




— » 


0 n = \ sin 


-1 v — 


/ V 






0.623° 


Because of the symmetry of the range formula, there is also an answer of the complement of the 
above answer, which would be 89.4°. That is an unreasonable answer from a practical physical 
viewpoint - it is pointing the gun almost straight up. 


8 1 . Choose downward to be the positive y direction. The origin is at the point from which the divers 
push off the cliff. In the vertical direction, the initial velocity is v = 0, the acceleration is 

a v = 9.80m/ s 2 , and the displacement is 35 m. The time of flight is found from Eq. 2-12b. 


y = y 0 + v y0 t + ^a y t 2 — » 35 m = 0 + 0 + y(9.8m/s 2 


2(35 m) 
]j 9.8m/s 2 


2.7 s 


The horizontal speed (which is the initial speed) is found from the horizontal motion at constant 
velocity. 


A x-vt — > v r = Ax/t - 5.0 m/2.1 


1.9m/s 


82. The minimum speed will be that for which the ball just clears the 
fence; i.e., the ball has a height of 8.0 m when it is 98 m 
horizontally from home plate. The origin is at home plate, with 
upward as the positive y direction. For the ball, y 0 = 1.0 m, 

y = 8.0 m,, a y = -g, v y0 = v 0 sin<9 0 , v x = v 0 cos6> 0 , and 0 O = 36°. 

See the diagram (not to scale). For the constant-velocity horizontal 

Ax 

motion, Ax = v t = v 0 cos 0 o t, and so t = . For the vertical motion, apply Eq. 2-12b. 

v 0 cos 0 Q 

y = To + V + 2 «/ = - v ° + v 0 ( sin ) 1 - 7 St 2 

Substitute the value of the time of flight for the first occurrence only in the above equation, and then 
solve for the time. 



y ~ To + V J sin ^ a ~\gt 2 -» y = y 0 + v 0 sin 9 : 


Ax 




v 0 cos^ 


~iSt 


t= .2 


^ y 0 - y + Ax tan 9 0 ^ 


g 


= . 2 


J 


1.0 m - 8.0 m + (98 m) tan 36 
9.80 m/s 2 




= 3.620s 


Finally, use the time with the horizontal range to find the initial speed. 

Ax 98 m 


Ax = v 0 cos 9 0 t 


t cos 0 Q (3.620s)cos36° 


33m/s 


83. (a) For the upstream trip, the boat will cover a distance of D / 2 with a net speed of v - u , so the 


time is t. = • 


D 2 


D 


v-u 


2(v - u) 


. For the downstream trip, the boat will cover a distance of D/ 2 
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with a net speed of v + u , so the time is t 2 = 

D 


D 2 


D 


round trip will be t = t x + t 2 = 


v + u 2 (v + i/) 
D 


- . Thus the total time for the 


2 (v-m) 2 (V + j/) 


Dv 


(v 2 -u-) 


(. b ) For the boat to go directly across the river, it must be angled against 
the current in such a way that the net velocity is straight across the 
river, as in the picture. This equation must be satisfied: 


V = V +V = V + u 

boat rel. boat rel. water rel. 


Thus v boatrel = Vv 2 - m 2 , and the time to go a distance D / 2 across 



the river is t, = 


D 2 


D 


‘"v/ 


2 2 

V - u 


2 vl 


2 2 

v - ll 


- . The same relationship would be in effect for crossing 


back, so the time to come back is given by t 2 = t i and the total time is t - t l +t 2 - 


D 


I 


2 2 

V - u 


The speed v must be greater than the speed u. The velocity of the boat relative to the shore when 
going upstream is v - u. If v < u, the boat will not move upstream at all, and so the first part of the 
trip would be impossible. Also, in part ( b ), we see that v is longer than u in the triangle, since v is the 
hypotenuse, and so we must have v > u. 

84. Choose the origin to be the location on the ground directly underneath the ball when served, and 
choose upward as the positive y direction. Then for the ball, v 0 = 2.50 m, v 0 = 0, a r = -g, and 
the y location when the ball just clears the net is y = 0.90 m. The time for the ball to reach the net is 
calculated from Eq. 2- 12b. 


y = y 0 + v v0 t + -~a v t 2 — » 0.90 m = 2.50 m + 0 + y(-9.80m/s 2 )r 


— » 


L =. 

net 


(2 (-1.60 m) 
-9.80 m/s 2 


= 0.57143 s 


26.3 m/s 


The x velocity is found from the horizontal motion at constant velocity. 

Ax 15.0 m 

Ax = v t — > v = — = = 26.25 

1 t 0.57143 s 

This is the minimum speed required to clear the net. 

To find the full time of flight of the ball, set the final y location to bey = 0, and again use Eq. 2- 12b. 
y = y 0 + v r0 t + j a r t 2 — » 0.0 m = 2.50 m + ^-9.80m/s 2 )r 


— > 


^total 


2 (-2.50 m) 

, V ’ -0.7143- 


0.714s 

i -9.80 m/s 



The horizontal position where the ball lands is found from the horizontal motion at constant velocity. 


Ax = vt = (26.25m/s)(0.7143 s) = 18.75 = 18.8 m 


Since this is between 15.0 and 22.0 m, | the ball lands in the “good” region 
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85.| Work in the frame of reference in which the car is at rest at ground level. In this reference frame, the 


helicopter is moving horizontally with a speed of 208 km/h - 156 km/h = 52 km/h 


lm/s 
3.6 km/h 


= 14.44 m/s . For the vertical motion, choose the level of the helicopter to be the origin, and 
downward to be positive. Then the package’s y displacement is y = 78.0 m, v v0 = 0, and a = g. 
The time for the package to fall is calculated from Eq. 2- 12b. 


T = T 0 +V + W 


78.0 m = Y^9.80m/s 2 )t 2 


t = 


2(78.0 m) 


- 3.99 sec 


]j 9.80m/s~ 

The horizontal distance that the package must move, relative to the “stationary” car, is found from 
the horizontal motion at constant velocity. 

Ar - v t = (14.44 m/s) (3.99 s) = 57.6 m 
Thus the angle under the horizontal for the package release will be as follows. 


# = tan 


V Ax/ 


= tan 


78.0 m 
57.6 m 


= 53.6° = 54° 


/A 

Ax = 10.78 m - 1 1.22 m 


1 


y = 0.95 m 


86. The proper initial speeds will be those for which the ball has 
traveled a horizontal distance somewhere between 10.78 m 
and 1 1.22 m while it changes height from 2.10 m to 3.05 m 
with a shooting angle of 38.0°. Choose the origin to be at the 
shooting location of the basketball, with upward as the 
positive y direction. Then the vertical displacement is 

y = 0.95 m, a v - -9.80 m/s 2 , v 0 = v 0 sin 9 0 , and the (constant) x velocity is v x = v 0 cos 9 0 . See 
the diagram (not to scale). For the constant-velocity horizontal motion, Ax = v t = v 0 cos 9 0 t 
\x . 

and so t = . For the vertical motion, apply Eq. 2- 12b. 

v 0 cos 8 : 

y = To + v yJ + \ a f = v 0 sin 0t -\gf 

Substitute the expression for the time of flight and solve for the initial velocity. 

( A.. V ' 2 


y = v 0 sin 9t -\gV = v 0 sin 6 


Ax 


v 0 cos£ 0 


yg 


Ax 


y v 0 cos# 


= Ax tan 6 ■ 


oj 


g(Ax)- 

2v 2 cos 2 9 0 


g(Ax ) 2 


' 2 cos 2 9 0 {—y + Ax tan#) 
For Ax = 10.78 m , the shortest shot: 


(9.80m/s 2 )(l0.78 m)~ 


2cos 2 38.0°[(-0.95 m + (l0.78 m)tan38.0°)] 
For Ax = 1 1.22 m , the longest shot: 


1 1 . 1 m/s 


(9.80m/s 2 )(ll.22 m)~ 


2cos 2 38.0°[(-0.95 m + (11.22 m)tan38.0°)] 


1 1.3 m/s 
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87. The acceleration is the derivative of the velocity. 



Since the acceleration is constant, we can use Eq. 3-1 3b. 

r = r 0 + v 0 t + jar - (l .5 i — 3. lj) + (-2.01); + y(3.5 j)r 

= (1.5 -2.0t)mi + (-3.1 + 1.75r)m j 
The shape is parabolic , with the parabola opening in the y-direction. 


88. Choose the origin to be the point from which the projectile is launched, and choose upward as the 
positive y direction. They displacement of the projectile is 135 m, and the horizontal range of the 
projectile is 195 m. The acceleration in they direction is a = -g, and the time of flight is 6.6 s. 
The horizontal velocity is found from the horizontal motion at constant velocity. 

Ax 195 m , 

A x = vt — > v = — = = 29. 55 m/s 

t 6.6s 


Calculate the initial y velocity from the given data and Eq. 2- 12b. 

y = y o + Vy0 t + ± a f — > 135m = v v0 (6.6s) + y(-9.80m/s 2 )(6.6s)~ — > v y0 - 52.79m/s 
Thus the initial velocity and direction of the projectile are as follows. 
v 0 = Jvl + v; 0 = yj( 29.55m/s) 2 + (52.79m/s)" = 60 m/s 


^ = tan- 1 ^ = tan- l 52 ' 79m/s 
v. 29.55m/s 


89. We choose to initially point the boat downstream at an angle of (j) relative to straight across the 
river, because then all horizontal velocity components are in the same direction, and the algebraic 
signs might be less confusing. If the boat should in reality be pointed upstream, the solution will 
give a negative angle. We use v BW = 1 .60 m/s , the speed of the boat relative to the water (the 

rowing speed); v ws = 0.80 m/s , the speed of ending point landing point 

the water relative to the shore (the current); 
and v R = 3.00 m/s , his running speed. The 
width of the river is w = 1200 m, and the 
length traveled along the ha nk is t The time 
spent in the water is t w , and the time running 

is t R . The actual vector velocity of the boat is 
v BS = V BW + v ws . That vector addition is 
illustrated on the diagram (not drawn to scale). 

The distance straight across the river (w) is the velocity component across the river, times the time in 
the water. The distance along the bank (£) is the velocity component parallel to the river, times the 
time in the water. The distance along the ba nk is also his running speed times the time running. 
These three distances are expressed below. 

w = (v BW cos0)t w ;/ = (v BW sm0 + v ws )t w ; £ = v R f R 
The total time is t = t w + t R , and needs to be expressed as a function of <j> . Use the distance 
relations above to write this function. 



starting point 
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_/ 

v„ 


(v BW sin tp + v ws )t^ 


= 6 , 


1 + 


(v BW sin^ + v (RS ) 


[ v r + 1 ’ws + v sw sin <P] = [( v R + v ws ) sec </> + v BW tan </>\ 


v BW v R cos^ 


dt 


To find the angle corresponding to the minimum time, we set — = 0 and solve for the angle. 

dtp 

^T = ^r(— [(vR+v W s)se c ^ + VB W tanf]j 
dtp dtp [v BW v R J 


w 


■[( v r + VwJtan^sec^ + Vfiw sec 2 tp~\ = 0 


= U — > 


[( v r + v ws ) tan ^ + v BW see tp] sectp = 0 — > sec0 = O,sin0 = — — 

V R V WS 

The first answer is impossible, and so we must use the second solution. 

sin0 = — — = 1.60 m/s = -0.421 — > tp = sin 1 (-0.421) = -24.9° 

Vr "I - v ws 3.00m/s + 0.80m/s 


To know that this is really a minimum and not a maximum, some argument must be made. The 
maximum time would be infinity, if he pointed his point either directly upstream or downstream. 
Thus this angle should give a 
minimum. A second derivative test 
could be done, but that would be 
algebraically challenging. A graph of 
t vs. tp could also be examined to see 
that the angle is a minimum. Here is a 
portion of such a graph, showing a 
minimum time of somewhat more than 
800 seconds near tp = -25° . The 
spreadsheet used for this problem can 
be found on the Media Manager, with 
filename “PSE4_1SM_CH03.XLS,” on 
tab “Problem 3.89.” 



The time he takes in getting to the final location can be calculated from the angle. 
w 1200m 




V B w cos 


tp (1.60 m/s) cos (-24. 9°) 


= 826.86s 


/ = (v BW sin0 + v ws )t^ = [(1.60 m/s) sin (-24.9°) + 0.80 m/s] (826.86s) = 104.47 m 


/ 104.47 m 


3.00 m/s 


t - t w + t R - 826.86s + 34.82s - 


862 s 


Thus he must point the boat 24.9° upstream, taking 827 seconds to cross, and landing 104 m from 
the point directly across from his starting point. Then he runs the 1 04 m from his landing point to 
the point directly across from his starting point, in 35 seconds, for a total elapsed time of 862 
seconds (about 14.4 minutes). 
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90. Call the direction of the flow of the river the x direction, and the direction the boat is headed (which 
is different than the direction it is moving) the y direction. 

= 4 1.30 2 + 2.20 2 =1 


(a) v, 


boat rel. 
shore 


2 + 2 
' v water rel. v boat rel. 


2.56 m/s 


water rel. 
shore 


, 1.30 

6 = tan = 30.6° 

2.20 


1 = 90° - 9 = 59.4°relative to shore 


( b ) The position of the boat after 3.00 seconds is given by the following. 

[(l.30i + 2.20 j ) m/ s](3.00 sec) 


A d —v. , ,t — | 

boat rel. 1 



(3.90 m downstream, 6.60 m across the river) 


As a magnitude and direction, it would be 7.67 m away from the starting point, at an angle of 
59.4° relative to the shore. 


|9jJ First, we find the direction of the straight-line path that the boat must take 
to pass 150 m to the east of the buoy. See the first diagram (not to scale). 
We find the net displacement of the boat in the horizontal and vertical 
directions, and then calculate the angle. 

Ax = (3000 m) sin 22.5° + 150 m Ay = (3000m) cos 22.5° 

Ay (3000m)cos22.5° 

<P = tan — = - — — 

Ax (3000 m) sin 22.5° + 150 m 


= 64.905 c 


This angle gives the direction that the boat must travel, so it is the 


boat rel. ' 
shore 


So 


direction of the velocity of the boat with respect to the shore, v b 

si 

(cos (jA + sin^j) . Then, using the second diagram (also not 


buoy 



to scale), we can write the relative velocity equation relating the boat’s travel 
and the current. The relative velocity equation gives us the following. See 
the second diagram. 

y = v + v — > 

boat rel. boat rel. water rel. 

shore water shore 

v b oa,rei (cos^i + sin0 j) = 2.l(cos#i + sin# j) + 0.2i — > 

shore 


y 

water rel. 
shore 



V boa,rel . COS ^= 2 - 1COS #+ 0 - 2 i V boa,reL Sin ^= 2 - lsin # 

shore shore 


These two component equations can then be solved for v boatrel and 6. One technique is to isolate the 

shore 

terms with 9 in each equation, and then square those equations and add them. That gives a 
quadratic equation for v boatrel , which is solved by v boatrel = 2.177 m/s. Then the angle is found to be 

shore shore 

9 = 69.9° N of E . 


92. See the sketch of the geometry. We assume that the hill is 
sloping downward to the right. Then if we take the point 
where the child jumps as the origin, with the x-direction 
positive to the right and the y-direction positive upwards, 
then the equation for the hill is given by y = -x tan 12° . 
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The path of the child (shown by the dashed line) is projectile motion. With the same origin and 
coordinate system, the horizontal motion of the child is given by x = v 0 cos 15° (t) , and the vertical 

motion of the child will be given by Eq. 2- 12b, y = v 0 sinl5°t - \gt 2 . The landing point of the child 

is given by x, .. =1.4 cos 12° and v, .. =-1.4 sin 12°. Use the horizontal motion and landing 

point to find an expression for the time the child is in the air, and then use that time to find the initial 
speed. 


x = v„ cos 


15°(f) -> t = 


x _ 1.4 cos 12° 

ICO ’ landing — . co 

v„cosl5 v 0 cosl5 


Equate they expressions, and use the landing time. We also use the trigonometric identity that 
sin 12° cos 15° + sin 15° cos 12° = sin (12° + 15°) . 


Ti, 


landing Tprojectile 


— > 


■ 1 .4 sin 12° = v 0 sin 15°t landing -\gt 2 


- 1 .4 sin 1 2° = v n sin 1 5° 


1.4 cos 12° 


v„ cos 15° 


~ 7 £ 


1.4cosl2 


landing 2 landing 

oV 




y v 0 cos 15° j 


2 i 

v o = t £ 


cos 2 12° 


sin27 c 


1.4 N 

. COSl5°y 


—> v 0 = 3.8687m/s = 3.9m/s 


93. Find the time of flight from the vertical data, using Eq. 2-12b. Call the floor they = 0 location, and 
choose upwards as positive. 

y = y 0 + v Qv t + \a v t 2 — » 3.05m = 2.4m + (I2m/s)sin35°t + y(-9.80m/s 2 )t 2 


4.90^ — 6.883^ + 0.65 m — 0 — > 


= 1.303s, 0.102s 


_ 6.883 ± -y/6.883 2 - 4 (4.90) (0.65) 

2(4.90) 

(a) Use the larger time for the time of flight. The shorter time is the time for the ball to rise to the 
basket height on the way up, while the longer time is the time for the ball to be at the basket 
height on the way down. 

x = vt = v 0 (cos 35°) t = (12 m/s) (cos 35°) (l. 303 s) = 12.81m = 13 m 


( b ) The angle to the horizontal is determined by the components of the velocity, 
v = v n cos# n = 12cos35° = 9.830m/s 

v, = v v0 + at = v 0 sin^ - gt - 12 sin 35° - 9.80(1.303) = -5.886 m/s 
9 = tan 1 — = tan 1 ~ > ' = -30.9° = -31° 


9.830 

The negative angle means it is below the horizontal. 


94. We have v carrel =25 m/s. Use the diagram, illustrating 

ground 

v , = v . + v . , to calculate the other speeds. 

snow rel. snow rel. car rel. “ u 


ground 


ground 


o n O ground 

cos 37 = 


—> v. 


snow rel. 
car 


25 m/s 
cos 37° 


31m/s 



ground 


snow rel. 
ground 
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tan 3 7° = 


snow rel. 
O ground 


= (25 m/s) tan 37° = 19m/ 


95. Let the launch point be the origin of coordinates, with right and upwards as the positive directions. 
The equation of the line representing the ground is y d = -x. The equations representing the 

2 §2 

motion of the rock are x ck = v 0 t and y k = - \gt , which can be combined into y rock = - y — x rock . 

v o 

Find the intersection (the landing point of the rock) by equating the two expressions for y, and so 
finding where the rock meets the ground. 

i S 2 2v 2 x 2v 2 (25 m/s) r— — i 

y . — y . -> -~x’ =-x -> jc = — - -> t = — = — ^- = — ^ L_T= 5 j s 

rock J gnd 2 2 non / 2 


v 0 g 9.80m/s~ 


96. Choose the origin to be the point at ground level directly below where the ball was hit. Call upwards 
the positivey direction. Forthe ball, we have v 0 = 28m/s, d Q = 61°, a y = -g, y 0 = 0.9m, and 
y - 0.0 m. 

(a) To find the horizontal displacement of the ball, the horizontal velocity and the time of flight are 
needed. The (constant) horizontal velocity is given by v v = v 0 cos Q 0 . The time of flight is 
found from Eq. 2- 12b. 

y = T 0 + V + 2 a / 0 = To + v 0 sin _ i s * 2 

_ -v 0 S ^ n @o - \l v o sin 2 ~ 4 (~ y g) T o 

H-U) 

- (28 m/s) sin61° ± ^(28 m/s) 2 sin 2 61°-4(-y) (9.80m/ s 2 ) (0.9 m) 

2(-i)(9.80m/s 2 ) 

= 5.034 s, -0.0365 s 

Choose the positive time, since the ball was hit at t = 0. The horizontal displacement of the 
ball will be found by the constant velocity relationship for horizontal motion. 

Ax = v t = v 0 cos 6 0 t = (28 m/s) (cos 61°) (5.034s) = 68.34 m ~ 68 nr 

(b) The center fielder catches the ball right at ground level. Fie ran 105 m - 68.34 m = 36.66 m to 
catch the ball, so his average running speed would be as follows. 

A d 36.66 m , — - — r~\ 

v = = = 7.282 m/s « 7.3 m/s 

t 5.034 s 7 


97. Choose the origin to be the point at the top of the building from which the ball is shot, and call 
upwards the positivey direction. The initial velocity is v 0 = 18 m/s at an angle of 6 0 = 42°. The 
acceleration due to gravity is a v = -g. 

(a) v x = v 0 cos# 0 = (l8m/s)cos42° = 13.38 = 13m/s 

v v0 = v 0 sin 6(, = (l 8 m/s) sin 42° = 12.04 ~ 12 m/s 

(. b ) Since the horizontal velocity is known and the horizontal distance is known, the time of flight 
can be found from the constant velocity equation for horizontal motion. 
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Ax 55 m 

Ax = v t —> t = — = — = 4.1 11s 

v 13.38 m/s 


With that time of flight, calculate the vertical position of the ball using Eq. 2- 12b. 
y = y 0 + V)0 t + ±af =(12.04 m/s)(4.111 s) + }(— 9.80m/s 2 )(4.1 1 1 s) 2 


= -33.3 = | -33 m 

So the ball will strike 33 m below the top of the building. 


98. Since the ball is being caught at the same height from 
which it was struck, use the range formula from 
Example 3-10 to find the horizontal distance the ball 
travels. 


Location of 
catching ball 


v 2 sin 2# 0 (28m/s)“ sin(2x55°) 


> initial location 
of outfielder 


9.80m/s~ 


= 75.175 m 75.175 m 


Then as seen from above, the location of home plate, the point where 
the ball must be caught, and the initial location of the outfielder are 
shown in the diagram. The dark arrow shows the direction in which 
the outfielder must run. The length of that distance is found from the 
law of cosines as applied to the triangle. 

x = yja 2 + b 1 - labcosO 


Home plate 


= /75.175 2 + 85 2 -2(75.175)(85)cos22° = 32.048m 
The angle 6 at which the outfielder should run is found from the law of sines. 


sin 22° sin# 
32.048m 75.175m 


—> 9 = sin 


_J 75.175 
v 32.048 ' 


sin 22° = 61.49° or 118.51° 


Since 75.175 2 < 85 2 + 32.048 2 , the angle must be acute, so we choose 9 = 61.49°. 

Now assume that the outfielder’s time for running is the same as the time of flight of the ball. The 
time of flight of the ball is found from the horizontal motion of the ball at constant velocity. 

R 75.175 m 

R = v t = v n cos 9 A — » t = — = 4.681s 

v 0 cos# 0 (28m/s)cos55° 

Ad 32.048 m 1 — 

Thus the average velocity of the outfielder must be v = = = 6.8 m/s at an angle of 

S ’ avg t 4.681s U B 


61° relative to the outfielder’s line of sight to home plate. 


99. (a) To determine the best-fit straight line, the data was plotted in Excel and a linear trendline was 
added, giving the equation x = (3.03t - 0.0265) m . The initial speed of the ball is the x- 

component of the velocity, which from the equation has the value of 3.03 m/s . The graph is 

below. The spreadsheet used for this problem can be found on the Media Manager, with 
filename “PSE4_1SM_CH03.XLS,” on tab “Problem 3.99a.” 
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(b) 


To determine the best-fit quadratic equation, the data was plotted in Excel and a quadratic 
trendline was added, giving the equation y = 


(0. 1 58 — 0.855? + 6.09r )m 


. Since the quadratic 


term in this relationship is \at 2 , we have the acceleration as 12.2 m/s 2 . The graph is below. 

The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4 ISM CH03.XLS,” on tab “Problem 3.99b.” 



100. Else the vertical motion to determine the time of flight. Let the ground be the y = 0 level, and choose 
upwards to be the positive y-direction. Use Eq. 2- 12b. 

y = y 0 + V + i«/ 0 = h + v 0 (sin 0 o )t-~gt 2 -> j gt 2 - v 0 (sin 6*, ) t - /; = 0 

( _ v o sm0 o ± ^v 2 o sm 2 0 o -4(^g)(-h) _ v 0 sin 6> 0 ± ^v 2 sin 2 6>, + 2 gh 

2 iig) S 

To get a positive value for the time of flight, the positive sign must be taken. 

v 0 sin <9„ + yjv; sin 2 6>„ + 2 gh 


t = ■ 


g 


To find the horizontal range, multiply the horizontal velocity by the time of flight. 

sin 0 n + a/v 2 sin 2 0 O + 2 gh 


R=v t = v n cos 6* 

x 0 0 


g 


v 0 cos 0 Q sin 0 O 


g 


1 + 1 + - 


2 gh 


v- sin" 0 O 



1+1 + 


2 gh 


v 2 sin 2 0 O 
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As a check, if h is set to 0 in the above equation, we get R = 


v 0 sin 2 0 O 
g 


the level horizontal 


range formula. 

With the values given in the problem of v 0 = 13.5 m/s, h = 2.1m, and g = 9.80 m/s 2 , the following 
relationship is obtained. 

' ” (I3.5) 2 sin20 o 


R = v o sin 26 , 0 


2g 


1 + 1 + 


2 gh 

v o sin 2 0 O 


2(9.80) 


1 + 1 + 


2(9.80)(2.1) 
(13.5) 2 sin 2 0 O 


= 9.30sin 20., 


1+1 + 


0.226 
sin 2 0. 


Here is a plot of that 
relationship. The maximum is 

at approximately 42° . The 

spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH03.XLS,” on 
tab “Problem 3.100.” 

As a further investigation, let us 

_ , dR . , 

find , set it equal to 0, and 

d0 n 


solve for the angle. 

v 2 sin 2 0„ 
R = 



2 g 


1 + 1 + - 


2 gh 


v- sin" 0 O 


dR 2v 2 cos2 0 o 

1 | h | 2 S h 

, +o sin26 l 0 

1 

fj j 2 gh ^ 

-1/2 

f (-2) 2 gh cos 0 O > 

bo 

CN 

1 

^3 

V v 0 sin2 d 0 \ 

2g 

2 

l n sin 2 0 O j 


l vl sin 3 0 O J 


= — <1 2 cos 2ft 


2g 


2 cos 26*, 


1 + 1 + - 


2 gh 


v- sin- 0 O 


■ sin 2ft 


2 gh 


1 + 

V v o sin2 6*0 J 


2 gh cos 0 O 

V v o sin 3 0 O j 


= 0 


1 + 1 + - 


2 gh 


v- sin- 0 O 


= sin 2ft 


1 + 


2 gh 


V v o sin - ft, y 


2gh cos 0 O 
V v o sin 3 0 O j 


Calculate the two sides of the above equation and find where they are equal. This again happens at 
about 42.1°. 
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Responses to Questions 

[T] When you give the wagon a sharp pull forward, the force of friction between the wagon and the 

child acts on the child to move her forward. But the force of friction acts at the contact point between 
the child and the wagon - either the feet, if the child is standing, or her bottom, if sitting. In either 
case, the lower part of the child begins to move forward, while the upper part, following Newton’s 
first law (the law of inertia), remains almost stationary, making it seem as if the child falls backward. 

2. (a) Andrea, standing on the ground beside the truck, will see the box remain motionless while the 

truck accelerates out from under it. Since there is no friction, there is no net force on the box 
and it will not speed up. 

(b) Jim, riding on the truck, will see the box appear to accelerate backwards with respect to his 
frame of reference, which is not inertial. (Jim better hold on, though; if the truck bed is 
frictionless, he too will slide off if he is just standing!) 

3. If the acceleration of an object is zero, the vector sum of the forces acting on the object is zero 
(Newton’s second law), so there can be forces on an object that has no acceleration. For example, a 
book resting on a table is acted on by gravity and the normal force, but it has zero acceleration, 
because the forces are equal in magnitude and opposite in direction. 

4. Yes, the net force can be zero on a moving object. If the net force is zero, then the object’s 
acceleration is zero, but its velocity is not necessarily zero. [Instead of classifying objects as 
“moving” and “not moving,” Newtonian dynamics classifies them as “accelerating” and “not 
accelerating.” Both zero velocity and constant velocity fall in the “not accelerating” category.] 

5. If only one force acts on an object, the object cannot have zero acceleration (Newton’s second law). 

It is possible for the object to have zero velocity, but only for an instant. For example (if we neglect 
air resistance), a ball thrown up into the air has only the force of gravity acting on it. Its speed will 
decrease while it travels upward, stop, then begin to fall back to the ground. At the instant the ball is 
at its highest point, its velocity is zero. 

6. (a) Yes, there must be a force on the golf ball (Newton’s second law) to make it accelerate upward. 
(b) The pavement exerts the force (just like a “normal force”). 

[ 7 ] As you take a step on the log, your foot exerts a force on the log in the direction opposite to the 
direction in which you want to move, which pushes the log “backwards.” (The log exerts an equal 
and opposite force forward on you, by Newton’s third law.) If the log had been on the ground, 
friction between the ground and the log would have kept the log from moving. However, the log is 
floating in water, which offers little resistance to the movement of the log as you push it backwards. 

8. When you kick a heavy desk or a wall, your foot exerts a force on the desk or wall. The desk or wall 
exerts a force equal in magnitude on your foot (Newton’s third law). Ouch! 

9. (a) The force that causes you to stop quickly is the force of friction between your shoes and the 

ground (plus the forces your muscles exert in moving your legs more slowly and bracing 
yourself). 

(b) If we assume the top speed of a person to be around 6 m/s (equivalent to about 12 mi/h, or a 5- 
minute mile), and if we assume that it take 2 s to stop, then the maximum rate of deceleration is 
about 3 m/s 2 . 
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10. (a) When you first start riding a bicycle you need to exert a strong force to accelerate the bike and 

yourself. Once you are moving at a constant speed, you only need to exert a force to equal the 
opposite force of friction and air resistance. 

(b) When the bike is moving at a constant speed, the net force on it is zero. Since friction and air 
resistance are present, you would slow down if you didn’t pedal to keep the net force on the 
bike (and you) equal to zero. 

1 1 . The father and daughter will each have the same magnitude force acting on them as they push each 
other away (Newton’s third law). If we assume the young daughter has less mass than the father, her 
acceleration should be greater ( a = F/m). Both forces, and therefore both accelerations, act over the 
same time interval (while the father and daughter are in contact), so the daughter’s final speed will 
be greater than her dad’s. 


12. The carton would collapse (a). When you jump, you accelerate upward, so there must be a net 
upward force on you. This net upward force can only come from the normal force exerted by the 
carton on you and must be greater than your weight. How can you increase the normal force of a 
surface on you? According to Newton’s third law, the carton pushes up on you just as hard as you 
push down on it. That means you push down with a force greater than your weight in order to 
accelerate upwards. If the carton can just barely support you, it will collapse when you exert this 
extra force. 


13. 


If a person gives a sharp pull on the dangling thread, the thread is likely to break below the stone. In 
the short time interval of a shaip pull, the stone barely begins to accelerate because of its great mass 
(inertia), and so does not transmit the force to the upper string quickly. The stone will not move 
much before the lower thread breaks. If a person gives a slow and steady pull on the thread, the 
thread is most likely to break above the stone because the tension in the upper thread is the applied 
force plus the weight of the stone. Since the tension in the upper thread is greater, it is likely to break 
first. 


14. The force of gravity on the 2-kg rock is twice as great as the force on the 1-kg rock, but the 2-kg 
rock has twice the mass (and twice the inertia) of the 1-kg rock. Acceleration is the ratio of force to 
mass ( a = F/m, Newton’s second law), so the two rocks have the same acceleration. 

15. A spring responds to force, and will correctly give the force or weight in pounds, even on the Moon. 
Objects weigh much less on the Moon, so a spring calibrated in kilograms will give incorrect results 
(by a factor of 6 or so). 

16. The acceleration of the box will (c) decrease. Newton’s second law is a vector equation. When you 
pull the box at an angle 6, only the horizontal component of the force, FcosQ, will accelerate the box 
horizontally across the floor. 

17. The Earth actually does move as seen from an inertial reference frame. But the mass of the Earth is 
so great, the acceleration is undetectable (Newton’s second law). 

18. Because the acceleration due to gravity on the Moon is less than it is on the Earth, an object with a 
mass of 1 0 kg will weigh less on the Moon than it does on the Earth. Therefore, it will be easier to 
lift on the Moon. (When you lift something, you exert a force to oppose its weight.) However, when 
throwing the object horizontally, the force needed to accelerate it to the desired horizontal speed is 
proportional to the object’s mass, F = ma. Therefore, you would need to exert the same force to 
throw the 2-kg object on the Moon as you would on Earth. 
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19. | A weight of 1 N corresponds to 0.225 lb. That’s about the weight of (a) an apple. 

20. Newton’s third law involves forces on different objects, in this case, on the two different teams. 
Whether or not a team moves and in what direction is determined by Newton’s second law and the 
net force on the team. The net force on one team is the vector sum of the pull of the other team and 
the friction force exerted by the ground on the team. The winning team is the one that pushes hardest 
against the ground (and so has a greater force on them exerted by the ground). 

21. When you stand still on the ground, two forces act on you: your weight downward, and the normal 
force exerted upward by the ground. You are at rest, so Newton’s second law tells you that the 
normal force must equal your weight, mg. Y ou don’t rise up off the ground because the force of 
gravity acts downward, opposing the normal force. 

22. The victim’s head is not really thrown backwards during the car crash. If the victim’s car was 
initially at rest, or even moving forward, the impact from the rear suddenly pushes the car, the seat, 
and the person’s body forward. The head, being attached by the somewhat flexible neck to the body, 
can momentarily remain where it was (inertia, Newton’s first law), thus lagging behind the body. 

23. (a) The reaction force has a magnitude of 40 N. 

( b ) It points downward. 

(c) It is exerted on Mary’s hands and arms. 

(i d) It is exerted by the bag of groceries. 

24. No. In order to hold the backpack up, the rope must exert a vertical force equal to the backpack’s 
weight, so that the net vertical force on the backpack is zero. The force, F, exerted by the rope on 
each side of the pack is always along the length of the rope. The vertical component of this force is 
FsinO , where 8 is the angle the rope makes with the horizontal. The higher the pack goes, the smaller 
8 becomes and the larger F must be to hold the pack up there. No matter how hard you pull, the rope 
can never be horizontal because it must exert an upward (vertical) component of force to balance the 
pack’s weight. See also Example 4-16 and Figure 4-26. 

Solutions to Problems 

[l] Use Newton’s second law to calculate the force. 

^F = ma = (55 kg)(l.4m/s 2 ) = 77N 


2 . 


Use Newton’s second law to calculate the mass. 




265 N 
2.30 m/s 2 



3. In all cases, W = mg , where g changes with location. 
(«) ^Ea„h = mg Earth = ( 68 kg) ( 9.80 m/s 2 ) = |670N 
(b) fV Moon = mg Uoon = (68 kg) (l.7 m/s 2 ) = [UON 

( C ) ^Mars = "^Mars = ( 68 k §) ( 3 ‘ 7 ^ ) = | 250N 

(d) ^space = m S Space = ( 68 kg) (0 Hl/s' ) = |0N 
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4. Use Newton’s second law to calculate the tension. 

= F r =ma = (1210kg) (l.20m/s 2 ) = 1452 N 


1.45x10 3 N 


5. Find the average acceleration from Eq. 2- 12c, and then find the force needed from Newton’s second 
law. We assume the train is moving in the positive direction. 


v = 0 v 0 = (l20km/h) 


^ lm/s ^ 
3.6km/h 


= 33.33 m/s 


a = 

avg 


2 2 

V -v n 


2(x-x„) 


2 2 

Z7 V _V 0 

F a Vg = ma avg =m- 


(3.6xl0 5 kg) 


0-(33.33m/s) 2 


= -1.333x10 N ; 


-1.3x10 N 


2(x-x 0 ) v 2(l50m) 

The negative sign indicates the direction of the force, in the opposite direction to the initial velocity. 
We compare the magnitude of this force to the weight of the train. 


F 


1.333xl0‘N 


mg (3.6xl0 5 kg)(9.80m/s 2 ) 


= 0.3886 


Thus the force is | 39% of the weight | of the train. 

By Newton’s third law, the train exerts the same magnitude of force on Superman that Superman 

exerts on the train, but in the opposite direction. So the train exerts a force of | 
forward direction on Superman. 


1.3x10 N 


in the 


6. Find the average acceleration from Eq. 2-5. The average force on the car is found from Newton’s 
second law. 


v = 0 v 0 = (95km/h) 


^ 0.278 m/s ^ 
^ 1 km/h j 


= 26.4 m/s 


v-v„ 0-26.4 m/s 


a = 

avg 


t 


8.0 s 


= -3.30m/s 2 


F vg = ma av g = (950kg) (-3.30m/s 2 ) = 


-3.1x10 N 


The negative sign indicates the direction of the force, in the opposite direction to the initial velocity. 

[ 7 ] Find the average acceleration from Eq. 2- 12c, and then find the force needed from Newton’s second 
law. 


a = 

avg 


2 2 

v -u 

2 (x-x 0 ) 


— > 


v 0 


2 2 

77 V -v n 

r = ma — m — 

avg avg ~ / \ 

2{x-x 0 ) 


-(7.0kg) 


(l3m/s) 2 -0 

2(2. 8m) 


= 21 1.25 N : 


210N 


8. The problem asks for the average force on the glove, which in a direct calculation would require 
knowledge about the mass of the glove and the acceleration of the glove. But no information about 
the glove is given. By Newton’s third law, the force exerted by the ball on the glove is equal and 
opposite to the force exerted by the glove on the ball. So calculate the average force on the ball, and 
then take the opposite of that result to find the average force on the glove. The average force on the 
ball is its mass times its average acceleration. Use Eq. 2- 12c to find the acceleration of the ball, with 
v = 0, v 0 =35.0m/s, and x-x 0 = 0.110 m. The initial direction of the ball is the positive 
direction. 


u 2 -u 0 2 _ 0- (35.0 m/s) 2 
“' s 2(x-x 0 ) 2(0.110 m) 


-5568 m/s 2 
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F = ma 


= (0.140 kg) (-5568 m/s 2 ) = |-7.80xl0 2 N 


Thus the average force on the glove was 780 N, in the direction of the initial velocity of the ball. 

We assume that the fish line is pulling vertically on the fish, and that the fish is not jerking 
the line. A free-body diagram for the fish is shown. Write Newton’s second law for the fish 
in the vertical direction, assuming that up is positive. The tension is at its maximum. 
y / F - F t - mg - ma —> F 1 = m ( g + a) 


— > 


A 


18N 


m = ■ 


g + a 


9.80 m/s 2 + 2.5m/s 2 


= 1.5kg 


Thus a mass of 1.5 kg is the maximum that the fish line will support with the given 


acceleration. Since the line broke, the fish’s mass is given by m > 1.5kg (about 3 lbs). 


Ft 

\ 

\ 

mg 


10. (a) The 20.0 kg box resting on the table has the free-body diagram shown. Its weight 
is mg = (20.0 kg) (9.80 m/s 2 ) = 196N . Since the box is at rest, the net force on 


the box must be 0, and so the normal force must also be 1 96 N 
( b ) Free-body diagrams are shown for both boxes. F p is the force on box 1 (the 
top box) due to box 2 (the bottom box), and is the normal force on box 1. F 21 
is the force on box 2 due to box 1, and has the same magnitude as F 12 by 

Newton’s third law. F N2 is the force of the table on box 2. That is the normal 

force on box 2. Since both boxes are at rest, the net force on each box must 
be 0. Write Newton’s second law in the vertical direction for each box, taking 
the upward direction to be positive. 

=i 7 N, ->n t g = 0 


F m = m lg = (10.0 kg) (9. 80 m/s 2 ) = |98.0N| = F I2 = F 2l 

= F N2- F 21 -m 2 g = 0 


F m = F 21 + m 2 g = 98.0 N + (20.0kg) (9.80 m/s 2 ) = |294N 



'F n 


J 



m 



ii 

Top 

box (#1) 

J 


Wig 


F 

A N2 


Bott' 

(#2) 

)11 

J 

1 

box 

m 2 g , 


' f 21 


11. The average force on the pellet is its mass times its average acceleration. The average acceleration is 
found from Eq. 2- 12c. For the pellet, v 0 = 0, v = 125m/s, and x-x 0 = 0.800m. 


a = 




(l25m/s) 5 -0 = 9766m/s , 
,) 2 (0.800m) 


F 


= ma avg = (9.20x10 3 kg) (9766 m/s 2 ) = 


89.8N 


12. Choose up to be the positive direction. Write Newton’s second law for the vertical 
direction, and solve for the tension force. 

^ F = F r - mg = ma — > F r = m (g + 

F t = (1200 kg) (9.80 m/s 2 + 0.70 m/s 2 


)- 


1.3x10 N 
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13. 


Choose up to be the positive direction. Write Newton’s second law for the vertical 
direction, and solve for the acceleration. 

^ F = F { - mg = ma 


a = 


F t - mg 163N- (14.0 kg) (9.80 m/s 2 ) 


m 


14.0kg 


1.8m/s 


Since the acceleration is positive, the bucket has an upward acceleration. 



14. Use Eq. 2-12b with v 0 = 0 to find the acceleration. 

2(x-x 0 ) 2(402 m) 


x - x 0 = v 0 t + \at~ 


a = ■ 


t (6.40 s) 

The accelerating force is found by Newton’s second law. 
F = ma = (535kg)(l9.63m/s 2 ) = 


= 19.63 m/s 2 


l"g" 
9.80 m/s 2 


2.00g's 


1.05x10 N 


15. 


If the thief were to hang motionless on the sheets, or descend at a constant speed, the sheets 
would not support him, because they would have to support the full 75 kg. But if he 
descends with an acceleration, the sheets will not have to support the total mass. A tree- 
body diagram of the thief in descent is shown. If the sheets can support a mass of 58 kg, 

then the tension force that the sheets can exert is F T = (58 kg) (9.80 m/ s 2 ) = 568 N. 


Assume that is the tension in the sheets. Then write Newton’s second law for the thief, 
taking the upward direction to be positive. 


Y,F = F, 


■ mg - ma — » a = 


F r - mg _ 568 N - (75 kg) (9.80 m/s 2 ) 


m 


75 kg 


- -2.2 m/ s 2 



The negative sign shows that the acceleration is downward. 

If the thief descends with an acceleration of 2.2 m/s 2 or greater, the sheets will support his descent. 


16. 


In both cases, a ffee-body diagram for the elevator would look like the adjacent 
diagram. Choose up to be the positive direction. To find the MAXIMUM tension, 
assume that the acceleration is up. Write Newton’s second law for the elevator. 

F = ma = F t - mg — > 

F t = ma + mg = m(a + g) = »7(0.0680g + g) = (4850 kg) (l. 0680) (9.80 m/s 2 ) 



5.08x10 4 N 


To find the MINIMUM tension, assume that the acceleration is down. Then Newton’s second law 
for the elevator becomes the following. 

^7 F = ma = F T - mg — » F T = ma + mg = m(a + g) = m (-0.0680g + g) 


= (4850 kg)(0.9320)(9.80 m/s 2 ) 
17. Use Eq. 2- 12c to find the acceleration. The starting speed is 35 km/h f 

0- (9.72 m/s) 2 


4.43x10 N 


1 m/s 
3.6km/h 


X 


= 9.72 m/s. 


v 2 = v 0 2 +2a(x-x 0 ) 


2 2 

v — V 
y K 0 


2(x-x 0 ) 2(0.017m) 


2779 m/s 2 - -2800m/s 
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2779 m/s 


lg 

9.80m/s 2 


284g's = 280g's 


The acceleration is negative because the car is slowing down. The required force is found by 
Newton’s second law. 


1.9 x lO’N 


F = ma = (68kg)(2779m/s 2 ) 

This huge acceleration would not be possible unless the car hit some very heavy, stable object. 

18. There will be two forces on the person - their weight, and the normal force of the | 

scales pushing up on the person. A tree-body diagram for the person is shown. II 

Choose up to be the positive direction, and use Newton’s second law to find the *1 

acceleration. I 

^ F-F^-mg-ma — > 0.7 5mg -mg = ma — » m g 


a = -0.25 g = -0.25 (9.8 m/ s 2 ) = -2.5 m/ s 


Due to the sign of the result, the direction of the acceleration is down | . Thus the elevator must have 
started to move down since it had been motionless. 


19.| (a) To calculate the time to accelerate from rest, use Eq. 2- 12a. 


v = v„ + at — > t = 


v — v 0 9.0m/s - 0 


= 7.5s 


a 1.2 m/s" 

The distance traveled during this acceleration is found from Eq. 2- 12b. 

x - x 0 — v a t + \at 2 = 7(1.2 m/s 2 ) (7.5s)~ = 33.75m 
To calculate the time to decelerate to rest, use Eq. 2- 12a. 


v = v„ + at — » t = 


0 - 9.0m/s 


= 7.5s 


a -1.2 m/s" 

The distance traveled during this deceleration is found from Eq. 2- 12b. 

x - x 0 = v 0 t + jat 2 = (9.0 m/s) (7.5s) + y(-1.2 m/ s 2 )(7.5s)‘ = 33.75 
To distance traveled at constant velocity is 180 m - 2(33. 75 m) = 112.5m. 
To calculate the time spent at constant velocity, use Eq. 2-8. 


m 


■ x 0 + vt 


t ■ 


1 12.5 m/s 


v 9.0m/s 
Thus the times for each stage are: 


12.5s = 13s 


Accelerating: 7.5s Constant Velocity: 13s Decelerating: 7.5s 


mg 


( b) The normal force when at rest is mg. From the free-body diagram, if up is the positive 

direction, we have that F.. - mg = ma. Thus the change in normal force is the difference in the 
normal force and the weight of the person, or ma. 


AF 

Accelerating: — - 


ma 


Constant velocity: 
Decelerating: 


a 

N m S g 

AF n ma 
F n mg 
AF„ ma a 
mg g 


N 


F. 


N 


1.2m/s‘ 
9.80 m/s 2 
a 0 

g 


-xlOO = 


12% 


9.80 m/ s 


-xlOO = 0% 


-1.2m/s‘ 
9.80 m/ s 2 


■xlOO = -12% 
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(c) The normal force is not equal to the weight during the accelerating and deceleration phases. 
7.5s + 7.5s 


7.5s + 12.5s + 7.5s 


55% 


20. The ratio of accelerations is the same as the ratio of the force. 


in a 


g 


mg 


mg 




10x10 -12 N 


^ l.Og 1kg 10 6 cm 3 
1.0cm 3 lOOOg lm 3 


1949 -> 


in 


(.5x10 6 m) (9.80m/s 2 ) 


2000 g's 


21. (a) Since the rocket is exerting a downward force on the gases, the gases will exert an 

upward force on the rocket, typically called the thrust. The free-body diagram for the rocket 
shows two forces - the thrust and the weight. Newton’s second law can be used to find the 
acceleration of the rocket. 

^ F = F t - mg = ma — > 

F t - mg 3.55 x 10 7 N - (2.75 x 10 6 kg) (9.80 m/s 2 ) 


a = 


m 


(2.75xl0 6 kg) 

(b) The velocity can be found from Eq. 2- 12a. 

v = v 0 + at = 0+ (3.109m/s 2 )(8.0s) = 24.872m/s = 25 m/s 


3. 109 m/s 2 » 3.1m/; 


(c) The time to reach a displacement of 9500 m can be found from Eq. 2- 12b. 


vj + at 


2(x-x 0 ) I 2(9500m) 


1 (3.109 m/s 2 ) 


78s 


mg 


22. (a) There will be two forces on the skydivers - their combined weight, and the 

upward force of air resistance, F A . Choose up to be the positive direction. Write 
Newton’s second law for the skydivers. 

'J'F = F a - mg = ma — » 0.25 mg - mg = ma — > 


a = -0.75 g = -0.75(9.80 m/s 2 ) = -7.35 m/s 


Due to the sign of the result, the direction of the acceleration is down. 

(b) If they are descending at constant speed, then the net force on them must 
be zero, and so the force of air resistance must be equal to their weight. 

F a = mg = (132 kg)(9.80m/s 2 ) = 


1.29xl0 3 N 



23. The velocity that the person must have when losing contact with the ground is found from 
Eq. 2- 12c, using the acceleration due to gravity, with the condition that their speed at the 
top of the jump is 0. We choose up to be the positive direction. 

v 2 = v 2 0 +2a(x-x 0 ) -» 

v 0 = yjv 1 -2a(x - x 0 ) = tJo - 2 (-9.80m/s 2 )( 0.80m) = 3.960m/s 
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This velocity is the velocity that the jumper must have as a result of pushing with their legs. Use that 
velocity with Eq. 2-12c again to find what acceleration the jumper must have during their push on 
the floor, given that their starting speed is 0. 

V=v; + 2 „(*-*„) -4 a = (3.960 mA ) 1 -» = 39 , 20m/s » 

' 2(jc-jc 0 ) 2 (0.20m) 

Finally, use this acceleration to find the pushing force against the ground, 
y F = F f - mg = ma — > 


F p = m(g + a) = (68kg) (9.80m/s 2 + 39.20 m/s 2 ) = |3300N 


24. Choose UP to be the positive direction. Write Newton’s second law for the elevator. 
^ F = F t - mg = ma — > 

F - mg 21,750 N -(2125 kg)(9.80m/s 2 ) 

a = - 1 - = = 0.4353 m/s~ = 0.44 m/s' 

m 2125 kg — 


\ We break the race up into two portions. For the acceleration phase, we call the distance (f and the 

time t v For the constant speed phase, we call the distance d 2 and the time t 2 . We know that 

d t = 45m, (/ 2 =55m, and t 2 = 10.0s - t r Eq. 2- 12b is used for the acceleration phase and Eq. 2-2 

is used for the constant speed phase. The speed during the constant speed phase is the final speed of 
the acceleration phase, found from Eq. 2- 12a. 

x - x 0 = v 0 t + \at~ — > cf = yat] ; A x = vt — > d 2 = vt 2 = v(l0.0s - t,) ; v = v 0 + at 1 
This set of equations can be solved for the acceleration and the velocity. 

d x -\at[ ; d 2 - v(l0.0s -tj) ; v = at x — > 2 d x - atf ; d 2 = at { (10.0- t t ) — > 

a = — y~ ; d 2 = '-y-t x (10.0-t,) = ^-(10.0-t,) — > d 2 t { = 2d { (10.0 - t x ) 


20.0 d. 


— > u — 


( d 2 + 2d i )~ 
(200s 2 )d t 


v - af=- 


{d 2 + 2 d t ) t\ r 20.01/, T (200 s 2 )i/, 

(i/, + 2d { ) 

(t/ 2 + 2d t Y 20.0 d t (d 2 + 2d t ) 

V ~ a '~ 200(7, (d 2 +2d l )~ 10.0s 

(a) The horizontal force is the mass of the sprinter times their acceleration. 

(d,+2d l ) 2 , , (145m) 2 

F = ma = m -W , ’ - ( 66 kg) — - — -r — = 1 54 N = 1 50 N 

(200s 2 )d t K ; (200s 2 )(45m) 

(/?) The velocity for the second portion of the race was found above. 

— (^ 2 + 2d { ) _ 145 m I n 


10.0s 10.0s 


= 14.5m/s 


26. (a) Use Eq. 2- 12c to find the speed of the person just before striking the ground. Take down to be 
the positive direction. For the person, v 0 = 0, y - y 0 = 3.9 m, and a = 9.80 m/s 2 . 

v 2 - vj = 2a (y - y 0 ) — > v = ^jla (y - y 0 ) = ^2 (9.80 m/s 2 ) (3.9 m) = 8.743 = 8.7m/s 
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(. b ) For the deceleration, use Eq. 2- 12c to find the average deceleration, choosing down to be 
positive. 

v 0 = 8.743 m/s v = 0 y - y 0 = 0.70 m v 2 - v 0 2 =2 a ( v - y 0 ) — > 

-v 2 -(8.743 m/s) 2 , , ♦ 

a = -2- = — = -54.6 m/s T i 

2 Ay 2(0.70 m) rk 

The average force on the torso ( F y ) due to the legs is found from Newton’s second 

I tfi 

law. See the free-body diagram. Down is positive. t 

F „et = m S ~ F t= ma -> 

F t = mg - ma = m(g~a) = (42kg)(9.80m/s 2 - -54.6 m/s 2 ) = 2.7xl0 3 N 
The force is upward. 

27. Free-body diagrams for the box and the weight are shown below. The 

tension exerts the same magnitude of force on both objects. ^ F T 

(a) If the weight of the hanging weight is less than the weight of the box, [ 

the objects will not move, and the tension will be the same as the ^ 

weight of the hanging weight. The acceleration of the box will also m - 

be zero, and so the sum of the forces on it will be zero. For the box, 1 

F N +F J -m l g = 0 — > Fy =m,g-F, ' T =m,g- m 2 g = 77.0N - 30.0 N = 47.0 N 

( b ) The same analysis as for part (a) applies here. 

F n = m t g - m 2 g = 77.0 N - 60.0 N - |l7.0N 

(c) Since the hanging weight has more weight than the box on the table, the box on the table i 
lifted up off the table, and normal force of the table on the box will be 0 N . 


28. (a) Just before the player leaves the ground, the forces on the player are his 

weight and the floor pushing up on the player. If the player jumps straight up, 
then the force of the floor will be straight up - a normal force. See the first 
diagram. In this case, while touching the floor, F K > mg. 

(b) While the player is in the air, the only force on the player is their weight. 

See the second diagram. 



29. (a) Just as the ball is being hit, ignoring air resistance, there are two main 

forces on the ball: the weight of the ball, and the force of the bat on the ball. 
( b ) As the ball flies toward the outfield, the only force on it is its weight, if 
air resistance is ignored. 




30. The two forces must be oriented so that the northerly component of the first 
force is exactly equal to the southerly component of the second force. Thus the 
second force must act southwesterly | . See the diagram. 
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|31. (a) We draw a free-body diagram for the piece of 
the rope that is directly above the person. 

That piece of rope should be in equilibrium. F, 

The person’s weight will be pulling down on that _ . 

spot, and the rope tension will be pulling away from 
that spot towards the points of attachment. Write Newton’s 
second law for that small piece of the rope. 


-12.5m- 



y F = 2 F t sin 9 - mg = 0 — > 9 = sin 1 — — = sin 1 


2F, 


(72.0kg) (9.80 m/s 2 ) 
2(2900N) 


= 6.988° 


tan 9 = ■ 


12.5m 


x = (12.5m) tan 6.988° = 1.532 


m • 


1.5m 


(b) Use the same equation to solve for the tension force with a sag of only % that found above, 
x = |(l.532m) = 0.383m 


9 = tan 1 °' 383m =1.755° 


12.5m 


F = 


mg _ (72.0kg) (9.80m/s 2 ) 


2 sin# 2(sinl.755°) 


11.5kN 


The | rope will not break | , but it exceeds the recommended tension by a factor of about 4. 


32. The window washer pulls down on the rope with her hands with a tension force F T , 
so the rope pulls up on her hands with a tension force F T . The tension in the rope is 
also applied at the other end of the rope, where it attaches to the bucket. Thus there is 
another force F 1 pulling up on the bucket. The bucket-washer combination thus has 

a net force of 2F T upwards. See the adjacent free-body diagram, showing only forces 

on the bucket-washer combination, not forces exerted by the combination (the pull 
down on the rope by the person) or internal forces (normal force of bucket on person). 


(a) 


Write Newton’s second law in the vertical direction, with up as positive. The net 
force must be zero if the bucket and washer have a constant speed, 
y F = F r + F t — mg = 0 — > 2 F 1 = mg — > 



(b) 


F t =\mg = j(72kg)(9.80m/s 2 ) = 352.8N= 350N 

Now the force is increased by 15%, so F 1 = 358.2N(l.l5) = 405.72 N. Again write Newton’s 
second law, but with a non-zero acceleration. 

^F = F t + F 7 - mg = ma — > 

2F r - mg 2(405.72 N) - (72 kg) (9. 80 m/s 2 ) 

— ! -=\Alm s ~ 1.5m/s 

72kg — 


a = 


m 


33. We draw free-body diagrams for each bucket. 

(a) Since the buckets are at rest, their acceleration is 0. Write Newton’s 
second law for each bucket, calling UP the positive direction. 
=F T1 -mg = 0 -> 


F ti = mg = (3.2 kg) (9. 80 m/s 2 ) = 


31N 




Top (#2) Bottom)# 1) 
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Yj F : = F t 2 ~ F n ~ m S = 0 -» 

F T2 = F T1 + mg = 2m g = 2(3.2 kg) (9.80m/s 2 ) = 63N 

( b ) Now repeat the analysis, but with a non-zero acceleration. The free-body diagrams are 
unchanged. 

= F T1 - mg = ma — » 

F Tl = mg + ma = (3.2 kg) (9.80 m/s 2 + 1.25 m/s 2 ) = 35.36 N = 35 N 
2> 2 = F T2 - F T[ - mg - ma — > F T2 = F T1 + mg + ma = 2 F T1 = 71 N 


34. See the free-body diagram for the bottom bucket, and write Newton’s second law to find 
the tension. Take the upward direction as positive. 

= F ti - ^bucket S = m bucket a -» 

bottom 

F T i = bucket (g + a ) = (3.2kg)(9.80m/s 2 + 1.25m/s 2 ) = 35.36N = 35N 


™bucke,g 


Next, see the free-body for the rope between the buckets. The mass of the cord is given by 


£F = F T1 -m coii g-F 1 


T 1 = m cori a 


F T1 = F T1 + m cord (g + a) = m bucket (g + a) + m cord (g + a) 


top bottom 


VV 

_i OTd_ ( g + fl ) = 3.2kg + 


9.80 m/s" 


(ll.05m/s 2 ) 


= 37.615N = 38N 


Note that this is the same as saying that the tension at the top is accelerating the 
bucket and cord together. 

Now use the free-body diagram for the top bucket to find the tension at the bottom 
of the second cord. 

^j F ~ F T2 ~ F T1 ~ W buckef? — W bucket fl ^ 
top 

F T2 = F T1 + m bucket (g + a) = m bucka ( g + a) + m cord (g + a ) + m baAel (g + a ) 


11 « 



"Fucke.g 


= O 7 buoke< + m cori )(g + a) = ^2m bucket + (g + a ) 


= [ 2{32kg)+ ^rn 

9.80 m/s 


(l 1 .05 m/s 2 ) = 72.98 N » |73N 


Note that this is the same as saying that the tension in the top cord is accelerating the two buckets 
and the connecting cord. 
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35. Choose the y direction to be the “forward” direction for the motion of the snowcats, and the x 
direction to be to the right on the diagram in the textbook. Since the housing unit moves in the 
forward direction on a straight line, there is no acceleration in the x direction, and so the net force in 
the x direction must be 0. Write Newton’s second law for the x direction. 

X F . = F a* +F h,=° _ sin 48° + F B sin 32° = 0 -+ 

F, sin48° (4500N) sin48° 

sin 32° sin 32° 

Since the x components add to 0, the magnitude of the vector sum of the two forces will just be the 
sum of their y components. 

= F Ay + F By = F a cos 48° + F b cos 32° = (4500 N ) cos 48° + ( 63 1 1 N) cos 32° 


6311N = 6300 N 


= 8363N« 8400N 


36. Since all forces of interest in this problem are horizontal, draw the free-body diagram showing only 
the horizontal forces. F T1 is the tension in the coupling between the locomotive and the first car, and 

it pulls to the right on the first car. F T2 is the tension in the coupling between the first car an the 
second car. It pulls to the right on car 2, labeled F T2R and to the left on car 1, labeled F T2L . Both cars 
have the same mass m and the same acceleration a. Note that |F T2R | = |F T2L | = F T2 by Newton’s third 
law. 

Write a Newton’s second law expression for each car. 

= F n - F T2 = ma ^F, = F T2 = ma 

Substitute the expression for ma from the second expression into the first one. 

F n -F T2 = ma = F T2 — > F T1 = 2 F T2 — > F T1 /F T2 = 2 

This can also be discussed in the sense that the tension between the locomotive and the first car is 
pulling 2 cars, while the tension between the cars is only pulling one car. 



37. The net force in each case is found by vector addition with components. 

(a) F = -F = -10.2 N F N , =-F=-16.0N 

v ' Net x 1 Net y 2 

I 1 7 -16 0 

= V(-!0.2) + (-16.0) = 19.0 N 0 = tan' 1 — = 57.48° 

The actual angle from the x-axis is then 237.48° . Thus the net force is 
F Net = 19.0 N at23F5° 


^ = 19.0N 
m 18.5 kg 



(b) F Netx = F x cos 30°= 8.833 N F Nety = F 2 — F t sin 30° = 10.9 N 
F Nct = ^(8.833 N) 2 +(10.9 N) 2 = 14.0 3N * |l4.0N 


6 = tan 1 


10.9 

8.833 



14.03 N 
m 18.5 kg 
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38. Since the sprinter exerts a force of 720 N on the ground at an angle of 22° 
below the horizontal, by Newton’s third law the ground will exert a force of 
720 N on the sprinter at an angle of 22° above the horizontal. A tree-body 
diagram for the sprinter is shown. 

(a) The horizontal acceleration will be found from the net 

horizontal force. Using Newton’s second law, we have the following. 

(720 N) cos 22° 


v p z 7 F ? cos 22° 

> F = F„ cos 22 - ma — » a = ■ 

X r XX 


m 


65 kg 


= 10.27 m/s 2 = l.OxlO’m/s 


(b) Eq. 2- 12a is used to find the final speed. The starting speed is 0. 



v = v„ + at — » 


v = 0 + at = (l 0.27 m/ s 2 )(0.32 s) = 3.286 m/s ~ 3.3 m/s 


F 

39. During the time while the force is F 0 , the acceleration is a = —. Thus the distance traveled would 

m 


F 

be given by Eq. 2- 12b, with a 0 starting velocity, x - x 0 = v 0 t + \at 2 = y — t 2 . The velocity at the 

m 


( F 5 

1 0 


end of that time is given by Eq. 2- 12a, v = v 0 + at = 0 + — \t Q . During the time while the force is 

V m ) 

2 F 

2 F 0 , the acceleration is a = — -. The distance traveled during this time interval would again be 

m 


given by Eq. 2- 12b, with a starting velocity of 


6 p ^ 

1 0 


\ m J 


K- 


1 2 


(Fo) 

1 1 



(2FA 

x - x 0 = v 0 t + \at = 


| ^0 

to + y 



) 



V rn 7 


t 2 =2 — t 2 
m 


F F 

The total distance traveled is \ — tl + 2 — tl = 


2 *0 

m 


m 


2 m ° 


40. Find the net force by adding the force vectors. Divide that net force by the mass to find the 
acceleration, and then use Eq. 3- 13a to find the velocity at the given time. 

= (l6i + 12j) N + (— lOi + 22j)N = (6i + 34j)N = ma = (3.0 kg) a — > 

(6i + 34j)N (6i + 34j)N 

' ; v = v n + at - 0 + - v 


a = 


3.0 kg 


3.0 kg 


(3.0s) = (6i + 34j)m/s 


In magnitude and direction, the velocity is 35 m/s at an angle of 80° 


41. For a simple ramp, the decelerating force is the component of gravity 
along the ramp. See the free-body diagram, and use Eq. 2- 12c to 
calculate the distance. 

/ \F r - -mg sin 6 = ma — » a = -gsin<9 


v -v„ 


0-v; 


2 a 2(-gsin#) 2gsin# 


JF 

\ 

\ 

\ 

mg , 

\ 
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(140 km/h) 


f lm/s A 
v 3.6km/h j 


2(9.80 m/s 2 )sinll° 


4. Ox 10 m 


42. The average force can be found from the average acceleration. Use Eq. 2- 12c to find the 
acceleration. 


= Vg + 2a ( x — x 0 ) — > 


a = 


2 2 

v ~ v o 

2(x-x 0 ) 


F = ma = m 


2 2 

v -v 0 


2(x-x 0 ) 
The average retarding force is 


. . 0 - (lO.Om/s) 

= (60.0kg) E = -120 N 


1.20xlO“N 


2 (25.0m) 

, in the direction opposite to the child’s velocity. 


|43.| From the free-body diagram, the net force along the plane on the skater is 
mg sin 9, and so the acceleration along the plane is g sin 9. We use the 
kinematical data and Eq. 2-12b to write an equation for the acceleration, 
and then solve for the angle. 

x - x 0 - v 0 t + \at 2 ~ v 0 t + jgt 2 sin# — > 


9 = sin 1 


( 2 Ax - v 0 t/ 
gt 2 


- sm 


2(l 8 m) - 2 (2.0 m/s) (3.3 s) 
(9.80m/s 2 )(3.3s) 2 


12 ° 



44. For each object, we have the free-body diagram shown, assuming that the string doesn’t 
break. Newton’s second law is used to get an expression for the tension. Since the string 
broke for the 2.10 kg mass, we know that the required tension to accelerate that mass was 
more than 22.2 N. Likewise, since the string didn’t break for the 2.05 kg mass, we know 
that the required tension to accelerate that mass was less than 22.2 N. These relationships 
can be used to get the range of accelerations. 
y,F = F t - mg = ma — > F T = m(a + g ) 


K 


F T <m 2.w( a+ g) ’ F T >m 2.o A a+ g) 


T 

max 


F 


g < a ; 


T 

max 


■g>a 


m. 


m. 


F, 


T 

max 


F„ 


■ g < a < 


T 

max 


g 


m., 


777, 


22.2 N 
2.10kg 


■9.80 m/; 


, 22.2 N _ / 

s' < a < 9.80 m/s 


2.05 kg 


0.77 m/: 


s 2 <a< 1.03m/s 2 


0.8 m/s' < a < 1 .0 m / s 2 


45. We use the free-body diagram with Newton’s first law for the stationary lamp to 
find the forces in question. The angle is found from the horizontal displacement and 
the length of the wire. 

, 0.15 m 

(a) 9 - sin = 2.15° 


4.0 m 


F t = F sin 6 - F =0 

net T H 


F h = F t sin 9 


o 


mg 
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a n , T7 m S 

F ria = F T cosd- mg = 0 -» F t = 

y COS 6 


mg 


F„ = — sin# = mg tan 0 = (27 kg) (9. 80 m/s 2 ) tan 2. 15° = 


C b ) F = 


cos 0 

mg _ (27 kg) (9.80 m/s 2 ) 


9.9N 


cos# 


cos2.15° 


260 N 


46. (a) In the tree-body diagrams below, F AB = force on block A exerted by block B, F BA = force on 
block B exerted by block A, F BC = force on block B exerted by block C, and F CB = force on 
block C exerted by block B. The magnitudes of F BA and F AB are equal, and the magnitudes of 
F bc and F cb are equal, by Newton’s third law. 





F 

F 



A AB 



u 

u 


m A 8 




F 

x BN 

Fba 



F 

X BC 


u 

u 





F 

CB 


. r CN 





h 

l_ 


7?7 c g 


(b) All of the vertical forces on each block add up to zero, since there is no acceleration in the 
vertical direction. Thus for each block, F N = mg . For the horizontal direction, we have the 
following. 


Y j F = F-F ab + F ba - F bc +F cb =F = (m A + m B + m c ) a 


F 


a = 


m A + m B +m c 


(c) For each block, the net force must be ma by Newton’s second law. Each block has the same 
acceleration since they are in contact with each other. 


F = F- 

± Anet 


m , 


m A + m B + m C 


f r , = f- 

B net 


m a 


m A + m B + m c 


F, =F- 

3 net 




m A + m B + m c 


(cl) From the tree-body diagram, we see that for m c , F CB = F c nct = 


F - 


m r . 


m A +m B +m c 


. And by 


Newton’s third law, F n( = F CB = 


F - 


m r 


m A + m B + m c 


. Of course, F 23 and F 32 are in opposite 


directions. Also from the free-body diagram, we use the net force on m A - 


f-f ar = f, =F- 

AB A net 


m , 


m A + m B + m c 


—> F = F-F- 

AB 


m. 


— > 


m A + m B +m c 


F =F W B+"c 

AB 

m A +m B + m c 


By Newton’s third law, F BC = F AB = 


p m 2 +m 3 


772, + 772, + 772 3 
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( e ) Using the given values, a = 


96.0 N 


= 3.20m/s 2 . Since all three masses 


777, + 777, + m } 30.0 kg 1 1 

are the same value, the net force on each mass is F net = ma = (10.0 kg) (3.20 m/ s 2 ) = 32.0 N . 
This is also the value of F CB and F BC . The value of F AB and F BA is found as follows. 

F ab = F ba = ( 777, + m 3 )a = (20.0 kg) (3.20 m/s 2 ) = 64.0 N 
To summarize: 

F. = F n = F r = 132.0 n| F. n = F„, = 164.0 N I F nr = F rn = I32.0N 

The values make sense in that in order of magnitude, we should have F > F BA > F ( n , since F is the 

net force pushing the entire set of blocks, F AB is the net force pushing the right two blocks, and F BC 
is the net force pushing the right block only. 


F nr = F rn = |32.0 N| 


47. (a) Refer to the free-body diagrams shown. With the stipulation 

that the direction of the acceleration be in the direction of motion 
for both objects, we have a c = a E = a. 

m E g - F t = m E a ; F T - m c g = m c a 

(b) Add the equations together to solve them. 

(m E g - F r ) + (F T - m c g) = m E a + m c a — > 


m E g - m c g = m E a + m c a — > 


777 _ - 777„ 

a = ~ = 

777 e + 777 c 


1150kg -1000 kg 
1 150kg + 1000 kg 


(9.80 m/s 2 ) = |o.68m/s 2 



F t = m c (g + a) = m c g + 


777 E + 777 c 


7(l000kg)(ll50kg) , 
J 777 E + 777 c 1 150kg + 1000kg ' 


= 10,483N ~ 10,500N 


48. (a) 


(b) 


Consider the free-body diagram for the block on the frictionless 
surface. There is no acceleration in they direction. Use Newton’s 
second law for the x direction to find the acceleration. 
y/F - mg sin 6 = ma — > 

a = gsin<9 = (9.80 m/s 2 )sin22.0° = 3.67 m/s 2 
Use Eq. 2- 12c with v 0 = 0 to find the final speed. 




49. (a) Consider the free-body diagram for the block on the frictionless 

surface. There is no acceleration in they direction. Write Newton’s 
second law for the x direction. 

^ F x = mg sin 6 = ma — > a = g sin 6 

Use Eq. 2-12c with v 0 = -4.5 m/s and v = Om/s to find the distance 
that it slides before stopping. 
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v 2 - v/ = 2 a (x - x 0 ) 




{x-x 0 ) = 


v ~ v o 
2a 


0- (-4.5 m/s) 2 


■ = -2.758 m = 


2.8 m up the plane 


2 (9.80m/s 2 )sin22.0° 

(/;) The time for a round trip can be found from Eq. 2- 12a. The free-body diagram (and thus the 
acceleration) is the same whether the block is rising or falling. For the entire trip, v 0 = -4.5 m/ s 

and v = +4.5 m/s. 

v — v 0 _ (4.5 m/s) - (-4.5 m/s) 


v = v 0 + at 


t = ■ 


a ( 9.80 m/s 2 ) sin 22° 


■ = 2.452 s 


2.5 s 


50. Consider a free-body diagram of the object. The car is moving to the right. The 
acceleration of the dice is found from Eq. 2- 12a. 


v = v„ + = a t — > a — 


v — v„ 


28 m/s - 0 


- 4.67 m/s 2 


t 6.0 s 

Now write Newton’s second law for both the vertical (y) and horizontal (x) 
directions. 


T. F v = F t cos 9 - mg = 0 — > F T = 


mg 

cos 9 


y F = F t sin 9 = 


ma 


Substitute the expression for the tension from the y equation into the x equation. 
mg 

ma = F t sin 9 = sin 9 = mg tan 9 — » a x = g tan 9 

cos 9 

,a _,4.67m/s 2 
9 = tan -*■ = tan 1 = 25.48 


g 


9.80m/s 


25° 



51. (a) See the free-body diagrams included. 

(. b ) For block A, since there is no motion in the vertical direction, 
we have F NA = m A g. We write Newton’s second law for the x 

direction: = F T - m A a Ax . For block B, we only need to 

consider vertical forces: = m B g - F T - m B a B . Since the 

two blocks are connected, the magnitudes of their accelerations 
will be the same, and so let a kx = a = a. Combine the two force equations from above, and 
solve for a by substitution. 


F 

a NA 

■ y \ 




M 



m A g 


m B 8 


F t = m A a m B g - F T = m B a — » m Q g - m A a = m B a — > 

, m r, 

m A a + m B a-m B g — > \a = g P T =m A a = g- 


m a + m B 


m A + m B 


52. (a) From Problem 5 1 , we have the acceleration of each block. Both blocks have the same 
acceleration. 


m T 


a = g~ 


m A + m B 


= (9. 80 m/s 2 ) - = 2.722 m/s 2 = 2.7 m/s 

v ’ (5.0kg + 13.0kg) — 
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( b ) Use Eq. 2- 12b to find the time. 

x - x 0 = v 0 t + \at 2 — > t = 

(c) Again use the acceleration from Problem 5 1 . 



2 (l.250m) 
(2.722 m/s 2 ) 


■ - ~rkn — » m, — 99 m D 


m A + m B 


m A + m B 



53. This problem can be solved in the same way as problem 51, with the modification that we increase 
mass m A by the mass of / A and we increase mass m B by the mass of / B . We take the result from 

problem 5 1 for the acceleration and make these modifications. We assume that the cord is uniform, 
and so the mass of any segment is directly proportional to the length of that segment. 



Note that this acceleration is NOT constant, because the lengths / A and / B are functions of time. 
Thus constant acceleration kinematics would not apply to this system. 


54. We draw a free-body diagram for each mass. We choose UP to be the 
positive direction. The tension force in the cord is found from analyzing 
the two hanging masses. Notice that the same tension force is applied to 
each mass. Write Newton’s second law for each of the masses. 

F t - m x g = m x a x F T - m 2 g = m^a 2 

Since the masses are joined together by the cord, their accelerations will 
have the same magnitude but opposite directions. Thus a x = -a.,. 



Substitute this into the force expressions and solve for the tension force. 

mg - F 

F t - m x g = -m x a 2 — > F T = m x g - m x a , — > a 2 = 


F t - m 2 g = 772, a 2 = 777, 


m x g - F t 


— ^ -^T — 


2 777 ! 777, g 


772 j + 777, 


772 2 

1.2 kg 


Apply Newton’s second law to the stationary pulley. 

F _ 2 F = o — > F =2F 4777,777 2 g 4(3.2kg)(l.2kg)(9.80m/s 2 ) 

C T C t m{+m2 4.4 kg 


777 j + 772, 


= 34N 



55. If 777 doesn’t move on the incline, it doesn’t move in the vertical direction, and 
so has no vertical component of acceleration. This suggests that we analyze 
the forces parallel and perpendicular to the floor. See the force diagram for 
the small block, and use Newton’s second law to find the acceleration of the 
small block. 

X F . =F n cos0-mg = O F n =-^- 

cosd' 


Z F.. sin # 777 e sin 6 

F x = F n sin 6 = ma — > a = = = g tan 6 

777 777 COS 6 
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Since the small block doesn’t move on the incline, the combination of both masses has the same 
horizontal acceleration of g tan 9. That can be used to find the applied force. 


Applied ={tn + M)a= ( m + M ) g tan 9 


Note that this gives the correct answer for the case of 9 = 0, , where it would take no applied force to 
keep m stationary. It also gives a reasonable answer for the limiting case of 0 —> 90°, where no 
force would be large enough to keep the block from falling, since there would be no upward force to 
counteract the force of gravity. 

56. Because the pulleys are massless, the net force on them must be 0. 

Because the cords are massless, the tension will be the same at both 
ends of the cords. Use the free-body diagrams to write Newton’s 
second law for each mass. We are using the same approach taken in 
problem 47, where we take the direction of acceleration to be 
positive in the direction of motion of the object. We assume that m c 

is falling, m B is falling relative to its pulley, and m A is rising 
relative to its pulley. Also note that if the acceleration of m A 
relative to the pulley above it is a R , then a A = a R + a c . Then, the 
acceleration of m B is a B = a R - a c , since a c is in the opposite 
direction of a B . 

■ Tj F = F TA~ ™aS = m A a K = m A K + a c ) 

I Yj F = m B § ~ F TA = m B a B = m B ( a R~ a c) 

: Yj F = m cg~ F Tc = m c a c 

pulley: = F tc “ 2F ta = 0 F tc = 2F ia 

Re-write this system as three equations in three unknowns F TA , a R , a c . 

F TA - m A§ = m A K + «C ) -> F TA~ m A a c ~ m A a R = 171 A g 

m B§ ~ F TA = m B ( a R ~ a c ) F TA ~ m n a c + m B a R = S 

m c g-2F TA = m c a c -» 2F TA + m c a c =m c g 

This system now needs to be solved. One method to solve a system of linear equations is by 
determinants. We show that for a n . 

1 1 777 , 



777 , 


777 „ 


777, 


1 777 „ 


777.. 


-777 , 


777 „ 


-777 , 


1 —777, 


777, 


-777 , 


777 „ 


0 


_ -m B m c + 777 A ( 2 777 B ) - 777 A (?77 c - 2?77 B ) 
-777 b 777 c - 777 A (2?77 B ) - 777 A (?77 c + 2?77 B ) 


4 777 A 777 B ~ 777 A 777 c - 777 B ?77 C _ 777 A 777 f + 77? B ?77 C - 4?77 A 777 B 

o . o 


-4777 a 777 b - 777 A 777 c - 777 B ?77 C 


4?77 a 777 b + 777 A 777 ^ + 777 B ?77 C 


Similar manipulations give the following results. 
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2(r 


4 777 A 777 B + 777 A 777 c + 777 B ?77 C 


£ 


F = 

TA 


4m A m B m c 


4?77 a 777 b + 777 A 777 c + 777 B 777 C 


£ 


(a) The accelerations of the three masses are found below. 


a A =a R + a c = 


2(m A m c -m B m c ) 
4m A m B + 777 A 777 c + 777 b 777 c 


3 777 A 777 c - 777 b 777 c - 4?77 A 777 B 


4 777 A 777 B + 777 A 777 c + 777 B ?77 C 


g 


2(7 


4 777 A 777 B + 777 A 777 c + 777 B ?77 C 


777 . 777.. + 777 j. 777 „ - 4 777 . 777 „ 
a H A — £ B — C A — B_ 

4?77 a 777 b + 777 A 777 c + 777 B 777 C 


777 A 777 c + 777 B 777 c - 4?77 A 777 B 
4?77 a 777 b + 777 A 777 c + 777 B 777 C 


777 a 777 c - 3?77 b 777 c + 4?77 A 777 B 


4 777 A 777 B + 777 A 777 c + 777 B 777 C 


g 


m A m c + 777 b 777 c - 4?77 a 777 b 


4?77 a 7?7 b + 777 A 777 c + 777 B 777 C 


g 


(. b ) The tensions are shown below. 


F = 

- 1 TA 


4 777 A 777 B 777 c 


4?77 a 777 b + 777 A 777 c + 777 B 777 C 


£ 


. 27 _ o 27 _ 


8?77 a 777 b 7?7 c 


4 777 A 777 B + 777 A 777 c + 777 B 777 C 


£ 


57. 


Please refer to the tree-body diagrams given in the textbook for this problem. Initially, treat the two 
boxes and the rope as a single system. Then the only accelerating force on the system is F p . The 
mass of the system is 23.0 kg, and so using Newton’s second law, the acceleration of the system is 


_F P _ 35.0 N 
777 23.0 kg 


1.522 m/s 2 = 1.52m/s 


This is the acceleration of each part of the system. 


Now consider m B alone. The only force on it is F BT , and it has the acceleration found above. Thus 
F BT can be found from Newton’s second law. 


F bt tn B a 


= (12.0 kg) (1.522 m/s 2 ) = 18.26N 


18.3N 


Now consider the rope alone. The net force on it is F TA - F TB , and it also has the acceleration found 
above. Thus F TA can be found from Newton’s second law. 

F ta - F TB = m c a -4 F TA =F tb + /77 c q = 18.26 N + (l.O kg) (l. 522 m/s 2 ) = |l9.8N 


58. First, draw a tree-body diagram for each mass. Notice that the same 
tension force is applied to each mass. Choose UP to be the positive 
direction. Write Newton’s second law for each of the masses. 

F t - m 2 g = m 2 a 2 F T - m { g = m l a l 

Since the masses are joined together by the cord, their accelerations will 
have the same magnitude but opposite directions. Thus a x = —a 2 . 

Substitute this into the force expressions and solve for the acceleration by 
subtracting the second equation from the first. 





i 



F t 



F t 

777 2 


777 1 

2.2 kg 


3.6 kg 


777 2 S 

777 1 
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F r - m { g = -m l a 2 — > F T = ?72,g - 777,0:2 

F T -m 2 g = m 2 a 2 — > m { g - m l a 2 - m 2 g - m 2 a 2 — » m t g - m 2 g = m { a 2 + m 2 a 2 


a 


2 


n h -n± g _ 3.6kg-2.2kg , 0m/s , ) = 2 3^, 

777, + 777 2 3.6 kg + 2.2 kg 


The lighter block starts with a speed of 0, and moves a distance of 1.8 meters with the acceleration 
found above. Using Eq. 2- 12c, the velocity of the lighter block at the end of this accelerated motion 
can be found. 


= 2a(y- y 0 ) — » v = -^jv 2 +2 a(y - y 0 ) = ^0 + 2 (2.366 m/s 2 ) (l.8m) = 2.918 m/s 


Now the lighter block has different conditions of motion. Once the heavier block hits the ground, 
the tension force disappears, and the lighter block is in free fall. It has an initial speed of 2.918 m/s 
upward as found above, with an acceleration of -9.80 m/s 2 due to gravity. At its highest point, its 
speed will be 0. Eq. 2- 12c can again be used to find the height to which it rises. 


f~v 2 0 = 2 a(y-y 0 ) -> (y~y 0 ) 



2 a 


0- (2.918m/s) 2 
2 (-9. 80 m/s 2 ) 


0.434 m 


Thus the total height above the ground is 1.8 m + 1.8 m + 0.43 m = 


4.0m. 


59. The force F is accelerating the total mass, since it is the only force external to the 
system. If mass m A does not move relative to m c , then all the blocks have the 
same horizontal acceleration, and none of the blocks have vertical acceleration. We 
solve for the acceleration of the system and then find the magnitude of F from 
Newton’s second law. Start with free-body diagrams for 777 A and m B . 

777 B = F t sin 0 - m B a ; 

y F = F t cos 6 - m B g = 0 — > F T cos 6 = m B g 
Square these two expressions and add them, to get a relationship between F T and a. 

F 7 sin 2 6 = m B a 2 ; F 7 cos 2 9 = m 2 B g 1 — > 

F t 2 (sin 2 6 + cos 2 = ??7 2 (g 2 + a 2 ) — > F T 2 = ?7? 2 (g 2 + a 2 ) 



Now analyze 777 A . 

m A ' = F T = m A U F T = R, A fl2 ; Z F r = F < ~ m aS = 0 

Equate the two expressions for F 2 , solve for the acceleration and then finally the magnitude of the 
applied force. 



F = (m A + 777 B 


+ 777 c ) a = 


(777 a + 777 b + 777 c ; 


V 

(TWA"??! b) 

5 
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60. The velocity can be found by integrating the acceleration function, and the position can be found by 
integrating the position function. 

C 


F - ma = Cf — > a = — T= — — > dv = — V dt 
m dt m 


v t 

[ dv = [ — t 1 dt 

l i m 


C P 
v = — t 

3m 


C 3 dx C 3 , 

v = — t = — — > dx = — tat 
3m dt 3m 


X t 

[dx = f — t 3 dt 

J J 3m 


x = 


C 
12 m 


|61.| We assume that the pulley is small enough that the part of the cable that is touching 
the surface of the pulley is negligible, and so we ignore any force on the cable due to 
the pulley itself. We also assume that the cable is uniform, so that the mass of a 
portion of the cable is proportional to the length of that portion. We then treat the 
cable as two masses, one on each side of the pulley. The masses are given by 
v £ — v 

777 j = and m 2 = — M . Free-body diagrams for the masses are shown. 

(a) We take downward motion of /??, to be the positive direction for m l , 

and upward motion of m 2 to be the positive direction for m 2 . Newton’s second 
law for the masses gives the following. 

F , . = 777 , e - F_ = m.a ; F , = F. 

net 1 lo T 1 5 net2 T 


fl 


777, 


' m 2 g 


777. - 777, 

a = — -g 


777 j + 777, 


a = ^ 


— M ■ 


*-y 

£ 


m 2 g 


mg 


M 


v £ — v 
■ M + —M 


y-(f-y) 2 y-£ 

8 = — ^ g = 

y + {£-y) £ 


2y_ 

£ 


-1 


8 


£ £ 

( b ) Use the hint supplied with the problem to set up the equation for the velocity. The cable starts 
with a length y 0 (assuming y 0 > j- / ) on the right side of the pulley, and finishes with a length 
/ on the right side of the pulley. 

^ 2y ' 


a = 




V l J 


dv dv dy dv 

dt dy dt dy 


2 y 

£ 


T^-l 


J 


gdy = J vdv 


g 


( 1 

£ 


- y 


-l 

v / j 

-m: 


gdy = vdv 


gy o 


f v A 

l-Zi 

/ 


- >/ 


v / = 


f 


2 gTo 


\ - — ^ 
i J 


(c) For y 0 = f / , we have v f = 2 gy 0 


r 

1-^L 




= Mt)' 


r 


i-M 

v / y 




62. The acceleration of a person having a 30 “g” deceleration is a = (30"g") 


f 9.80 m/s 2 A 


It II 

V 8 J 


= 294 m/s 2 . 


1.9x10 N 


Since 


The average force causing that acceleration is F = ma = (65 kg) (294 m/ s 2 ) 

the person is undergoing a deceleration, the acceleration and force would both be directed opposite 
to the direction of motion. Use Eq. 2-12c to find the distance traveled during the deceleration. Take 
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the initial velocity to be in the positive direction, so that the acceleration will have a negative value, 
and the final velocity will be 0. 


v 0 = (95 km/h) 


( lm/s A 
v 3.6km/h j 


- 26.4 m/s 


v 2 - v 2 = 2a (x - x 0 ) — > (x-x 0 ) = 


v 2 - v 2 _ 0 - (26.4 m/s)‘ 


2 a 


2 (-294 m/s 2 ) 


1.2 m 


63. See the free-body diagram for the falling purse. Assume that down is the positive 

direction, and that the air resistance force F fr is constant. Write Newton’s second law for 
the vertical direction. 

y/ F ~ mg - F fr = ma — > F fr = m (g -a) 

Now obtain an expression for the acceleration from Eq. 2- 12c with v 0 = 0 , and substitute 
back into the friction force. 


mg 


v 2 - v 2 = 2a (x - x 0 ) — » a = 


F f = m 


g~ 


2{x~x 0 ) 


2{x~x 0 ) 
f 

= (2.0 kg) 9.80m/s 2 - 

( 2(55 m) 


(27 m/s) 


2 5 


6.3 N 


64. Each rope must support 1/6 of Tom’s weight, and so must have a vertical component of tension 
given by 7’ vcrl = \mg . For the vertical ropes, their entire tension is vertical. 


1.21xlO‘N 


f = \mg = |(74.0 kg)(9.80m/s 2 ) = 120.9N 

For the ropes displaced 30° from the vertical, see the first diagram. 

120.9N 


^2 vert = T 2 COS30 ° = >S 


T = 

2 


mg 


6 cos 30° cos 30° 

For the ropes displaced 60° from the vertical, see the second diagram. 

120.9N 


1.40X10-N 


r 3 ver, = T i cos 60° = j mg 


T = 

1 3 


mg 

6 cos 60° cos 60° 


2.42 x 10‘N 


The corresponding ropes on the other side of the glider will also have the same 
tensions as found here. 




65. Consider the free-body diagram for the soap block on the frictionless 
surface. There is no acceleration in they direction. Write Newton’s 
second law for the x direction. 

^ F x = mg sin 6 = ma — > a = g sin 6 
Use Eq. 2- 12b with v 0 = 0 to find the time of travel. 


x - x 0 = v 0 t + j at 2 


t = , 


2 (x-x 0 ) = 2 (x - x„) 

a \ gsind 


2 (3.0m) 


(9.80m/s 2 )sin(8.5°) 


2.0s 



Since the mass does not enter into the calculation, the | time would be the same | for the heavier bar of 
soap. 
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66. See the tree-body diagram for the load. The vertical component of the tension force must 
be equal to the weight of the load, and the horizontal component of the tension 
accelerates the load. The angle is exaggerated in the picture. 

F sin 8 

F = F t sin 8 = ma — > a = — ; F ct = F T cos 8 -mg = 0 — » 


m 


net 

y 


f t = 


mg 

cos 8 


mg sin 8 
cos 8 m 


= gtan# = (9.80 m/s 2 ) tan 5.0° = 0.86m/; 


|67.| (a) Draw a tree-body diagram for each block. Write 

Newton’s second law for each block. Notice that the 
acceleration of block A in the va direction will be zero, 
since it has no motion in the v A direction. 

Z F va = F n~ m A g cos 0 = 0 -> F n = m A g cos 0 

X F va = m A g sin 6-^ = m A a xA 

Tj F vB= F T- m B g= m B a yB “> F T = ( 8 + U vB , 

Since the blocks are connected by the cord, a vB = a xA = a. Substitute the expression for the 

tension force from the last equation into the x direction equation for block 1 , and solve for the 
acceleration. 



F t 



777 b 


,) 



m 


yg sin 6 - m B (g + a ) = m A a — » m A g sin 8 - m B g = m A a + m B a 


a = 


8 


(m A sin 0-m B ) 


(m A +m B ) 


( b ) If the acceleration is to be down the plane, it must be positive. That will happen if 


m A sin 0 > m B (down the plane) . The acceleration will be up the plane (negative) if 


m 


sin 6 < m ls (up the plane) . If m , sin 6 = then the system will not accelerate. It will 


move with a constant speed if set in motion by a push. 

68. (a) From problem 67, we have an expression for the acceleration. 


(m.smS-m^) , , , \ [(l.00kg)sin33.0° - 1 .00 kg] , 

a = g^ -TZ = (9.80 m/s 2 P — — - -2.23m/ 

/ , ... \ V ' / o mi — ' 


(m A +m B ) 


2.00 kg 


-2.2 m/s 


The negative sign means that m A will be accelerating UP the plane. 
(. b ) If the system is at rest, then the acceleration will be 0. 

(m A sin8-m B ) 


a = g~ 


= 0 — > 777 b — m A sin 8 — (l .00 kg) sin 33.0° — 0.5446 kg — 0.545 kg 


(777 a + 777 b ) 

(c) Again from problem 68, we have F T = m B (g + a) . 

Case (a): F 1 = m B (g + a) = ( 1.00 kg) (9.80 m/s 2 -2.23m/s 2 ) = 7.57 N 
Case ( b)\ F J = m B (g + a) = (0.5446kg) (9.80m/s 2 + 0) = 5.337 N « |5.34N 


7.6N 
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69. (a) A free-body diagram is shown for each block. 

We define the positive x-direction for m A to be 

up its incline, and the positive x-direction for m B 

to be down its incline. With that definition the 
masses will both have the same acceleration. 

Write Newton’s second law for each body in the 
x direction, and combine those equations to find 
the acceleration. 

m A ' X F v = 8 Sil1 6 A = m A a 

m B : = m B g sin 0 b -F 7 = m B a add these two equations 

(F t - m A g sin d A ) + ( m B g sin<9 B - F r ) = m A a + m B a 
(b) For the system to be at rest, the acceleration must be 0. 



a - 


m B sin 6^ ~m A sin # A 


m A +m B 


-g 


a = 


m B sin 0 B - m A sin6> A ^_ Q 
m A +m B 

sin 6. , „ , , sin 32° 

A = (5.0kg)- 


/77 b sin 6 n 


- 777 a sin<9 A 


sin 6„ 


sin 23° 


6.8 kg 


The tension can be found from one of the Newton’s second law expression from part ( a ) 
/77 A : F f — m A g sin 0 A = 0 — > F r = m A gsind A = (5.0kg)(9.80m/s 2 )sin32° 

(c) As in part ( b ), the acceleration will be 0 for constant velocity in either direction. 


26 N 


a = m B sin 0 A g = 0 

777 a + 777 b 


777 A _ sin^ _ sin 23° 


777 B sin d B - 777 A sin d A 


m B sin d A sin 32° 


0.74 


70. A free-body diagram for the person in the elevator is shown. The scale reading is the 
magnitude of the normal force. Choosing up to be the positive direction, Newton’s 
second law for the person says that ^F = A N - mg -ma — » F N = m (g + a) . The 

kg reading of the scale is the apparent weight, F K , divided by g, which gives 

_ F n _ ?77(g + fl) 


(a) a = 0 — » F n = 777g = (75.0kg)(9.80m/s 2 ) = 


7.35x10 2 N 


mg 

r v , = = 777 = 

N-kg 

g 


75.0 kg 


C b ) a = 0 F N = 

7.35x10 2 N 

F = 

’ ± N-kg 

75.0 kg 





(c) a = 0 -> F n = 

7.35x10 2 N 

F - 

’ 1 N-kg 

75.0 kg 


(d) F n - m(g + a) - (75.0kg) (9. 80 m/s 2 + 3.0 m/s 2 ) a - 


9.60x10 2 N 
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F 

F =—P = 

N-kg 


960 N 


98.0 kg 


g 9.80 m/s' 

(e) F n = m(g + a ) = (75.0kg) (9.80m/s 2 -3.0m/s ] )a = 
510N 


5-lxlO-N 


F 

F = -^- = 

N-kg 


g 9.80m/s~ 


52 kg 


71. 


The given data can be used to calculate the force with which the road pushes 
against the car, which in turn is equal in magnitude to the force the car 
pushes against the road. The acceleration of the car on level ground is found 
from Eq. 2- 12a. 


v - v 0 = at 


v — v„ 


a = 


21m/s-0 , / , 

= 1.68m/ s' 


t 12.5 s 

The force pushing the car in order to have this acceleration is found from 
Newton’s second law. 


F v = ma = (920kg)(l.68m/s 2 ) = 1546N 



We assume that this is the force pushing the car on the incline as well. Consider a free-body diagram 
for the car climbing the hill. We assume that the car will have a constant speed on the maximum 
incline. Write Newton’s second law for the x direction, with a net force of zero since the car is not 
accelerating. 

^ F = F p - mg sin 6 = 0 — > sin = — E - 
^ mg 


a ■ -i 'p • - 
6 = sin — — - sin 

mg 


1546N 


(920kg) (9.80m/s 2 ) 


9.9° 


72. Consider a free-body diagram for the cyclist coasting downhill at a constant 
speed. Since there is no acceleration, the net force in each direction must be 
zero. Write Newton’s second law for the x direction (down the plane). 
y F = mg sin 6 - If = 0 — > F h = mg sin 6 

This establishes the size of the air friction force at 6.0 km/h, and so can be 
used in the next part. 


Now consider a free-body diagram for the cyclist climbing the hill. F r is the 

force pushing the cyclist uphill. Again, write Newton’s second law for the x 
direction, with a net force of 0. 

'Yj F x = Fft + mg sin 9 - F ? = 0 -» 

F ? = If + mg sin 6 = 2mg sin 6 


= 2(65 kg)(9.80m/s 2 )(sin6.5°) = 


1.4x10 N 



73. 


O) 


The value of the constant c can be found from the free-body diagram, 
knowing that the net force is 0 when coasting downhill at the specified 
speed. 

Z F =mg$,m6-F =0 — > F - mg sin 6 - cv —> 

x 0 air air o 
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mg sin <9 (80.0kg) (9.80m/s 2 )sin5.0° N N~ 

” (6.0km/h)f Im/S , m/s Llti? 

(^.hkm/h^ 

(. b ) Now consider the cyclist with an added pushing force F p directed along 

the plane. The free-body diagram changes to reflect the additional force 
the cyclist must exert. The same axes definitions are used as in part (a). 
Z F * =F r + m S sin# - F ir = 0 -» 

F = F ti - mg sin 8 = cv - mg sin 8 


= \ 40.998- 


(l8.0km/h) 


3.6 km/h 


- (80.0kg)(9.80m/s 2 )sin5.0° = 136.7N = |l40N 



74. Consider the free-body diagram for the watch. Write Newton’s second law for 
both the x and y directions. Note that the net force in they direction is 0 because 
there is no acceleration in the y direction. y 

Z F v = F t cos 8 - mg = 0 — > F T = m ^ x 

cos 8 M 

Z F =F^smd = ma — > — —smd = ma 

X 1 n 

cos 6 

a = g tan^ = (9.80 m/ s 2 ) tan 25° = 4.57 m/s 2 
Use Eq. 2- 12a with v 0 = 0 to find the final velocity (takeoff speed). 
v-v 0 =at — » v = v 0 + at = 0 + (4.57 m/s 2 )(l6s) = 73 m/s 

75. (a) To find the minimum force, assume that the piano is moving with a constant 

velocity. Since the piano is not accelerating, F T4 - Mg. For the lower pulley, since 
the tension in a rope is the same throughout, and since the pulley is not accelerating, 
it is seen that F T1 + F T2 = 2 F Tl = Mg — > F Tl = F T2 = Mg/ 2 . 

It also can be seen that since F = F T , , that F = Mg / 2 . 

(b) Draw a free-body diagram for the upper pulley. From that 

3 Mg . A 

J a. r r i r i r ° A i - 


diagram, we see that F T3 = F Tl + F T2 + F = — — . 

To summarize: 

F Tl = F T2 = Mg / 2 F T3 =3 Mg / 2 F T4 = Mg 


Upper 

Pulley 


Lower 

Pulley 



4 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

Ill 











Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


76. Consider a free-body diagram for a grocery cart being pushed up an 
incline. Assuming that the cart is not accelerating, we write Newton’s 
second law for the x direction. 

^ F = F p - mg sin 9 = 0 — > sin 6 = - L - 

mg 


mg 


18N 


(25 kg) (9.80 m/s 2 ) 


4.2° 



77. The acceleration of the pilot will be the same as that of the plane, since the pilot 
is at rest with respect to the plane. Consider first a free-body diagram of the 
pilot, showing only the net force. By Newton’s second law, the net force MUST 
point in the direction of the acceleration, and its magnitude is ma . That net force 
is the sum of ALL forces on the pilot. If we assume that the force of gravity and 
the force of the cockpit seat on the pilot are the only forces on the pilot, then in 

terms of vectors, F net = mg + F eat = ma. Solve this equation for the force of the 
seat to find F seat = F nct - mg = ma - mg. A vector diagram of that equation is 
shown. Solve for the force of the seat on the pilot using components. 

F seat = F net = ma cos 1 8° = (75 kg) (3.8 m/s 2 ) cos 1 8° = 27 1 . 1 N 

F =mg + F =mg + ma sin 1 8° 

y seat <-> y net <-> 


- (75kg) (9. 80 m/s 2 ) + (75 kg) (3.8 m/s 2 ) sin 18° = 823.2N 
The magnitude of the cockpit seat force is as follows. 

4 


F - 


-»2 

v seat 


= J(271.1N)‘ + (823.2 N)‘ =866.7N: 


870 N 


The angle of the cockpit seat force is as follows. 


9 = tan 


F 

y_ 

F 


= tan 


823.2 N 
271. IN 


72° above the horizontal 



78. (a) 


(b) 


(c) 


The helicopter and frame will both have the same acceleration, and so can be 
treated as one object if no information about internal forces (like the cable 
tension) is needed. A free-body diagram for the helicopter- frame 
combination is shown. Write Newton’s second law for the combination, 
calling UP the positive direction. 

= F m ~( m H + m f ) 8 = ( m u + n h ) a -» 

= (m H +m F )(g + a ) = (7650 kg + 1250 kg)(9.80m/s 2 + 0.80 m/s 2 ) 


F, 


9.43xl0 4 N 


Now draw a free-body diagram for the frame alone, in order to find the 
tension in the cable. Again use Newton’s second law. 

YjF =F t - m ¥ g = m F a -+ 


F t = ?n P (g + a) = (1250 kg)(9.80m/s 2 + 0.80m/s 2 ) 


1.33x10 4 N 


The tension in the cable is the same at both ends, and so the cable exerts a 


1.33x10 4 N 


downward on the helicopter. 
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79. 


(a) 


C b ) 


We assume that the maximum horizontal force occurs when the train is moving very slowly, 
and so the air resistance is negligible. Thus the maximum acceleration is given by the 
following. 


F 


m 


4x10 5 N 

6.4xl0 5 kg 


= 0.625 m/s 2 ~ 0.6 m/s 2 


At top speed, we assume that the train is moving at constant velocity. Therefore the net force 
on the train is 0, and so the air resistance and friction forces together must be of the same 


magnitude as the horizontal pushing force, which is 


1.5x10 5 N 


80. 


See the tree-body diagram for the fish being pulled upward vertically. From Newton’s 
second law, calling the upward direction positive, we have this relationship. 

y , F =F r - mg = ma — > F T = m(g + a) 


(a) If the fish has a constant speed, then its acceleration is zero, and so F T = mg. Thus 


the heaviest fish that could be pulled from the water in this case is 45 N (10 lb) 


(< b ) If the fish has an acceleration of 2.0 m/s, and F T is at its maximum of 45 N, then 
solve the equation for the mass of the fish. 


F 


45 N 


m = 


g + a 9.8 m/s 2 + 2.0 m/s 2 


= 3.8 kg -» 



mg = (3.8 kg) (9.8 m/s 2 ) = 

(c) It is not possible to land a 15-lb fish using 10-lb line, if you have to lift the fish vertically. If 
the fish were reeled in while still in the water, and then a net used to remove the fish from the 
water, it might still be caught with the 1 0-lb line. 


37 N (= 8.4 lb) 


81. Choose downward to be positive. The elevator’s acceleration is calculated by Eq. 2-12c. 


-v 2 =2 a(y-y 0 ) 


2 2 

V — V A 


— ^ Cl — ■ 


0- (3.5m/s)' 


= -2.356m/s 


2(j-y 0 ) 2 (2.6 m) 

See the free-body diagram of the elevator/occupant combination. Write Newton’s second 
law for the elevator. 

Yj F y = m S -Fj=i 


ma 



F 1 = m (g-a) = (1450kg) (9. 80m/s 2 


-2.356 m/s 2 ) 


1.76x10 4 N 


82. (a) 


First calculate Karen’s speed from falling. Let the downward direction be positive, and use Eq. 
2-12c with v 0 = 0 . 


v 2 -v 2 = 2a(y-y 0 ) — » v = ^jo + 2a(y - y 0 ) = ^2^9.8 m/s 2 ) (2.0 m) = 6.26 m/s 

Now calculate the average acceleration as the rope stops Karen, again using Eq. 2- 12c, with 
down as positive. 


v 2 -v 2 =2 a(y-y 0 ) 


2 2 

v — v„ 


a = 


0-(6.26m/s)~ 
2(v-y 0 ) 2(1.0 m) 


= -19.6m/s 2 


The negative sign indicates that the acceleration is upward. Since this is her 
acceleration, the net force on Karen is given by Newton’s second law, F na - ma . 
That net force will also be upward. Now consider the free-body diagram of Karen as 
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she decelerates. Call DOWN the positive direction. Newton’s second law says that 
F , = in a = mg - F — > F = mg - ma. The ratio of this force to Karen’s weight is 

net •—> rope rope <-> ’ 


F 


-19.6m/s" 


i° P c _ tng ma _ j q _ — = 1.0 ' ~ "7 = 3.0. Thus the rope pulls upward on Karen 


mg 


g 


g 


9.8 m/s 


with an average force of 3.0 times her weight 


(. b ) A completely analogous calculation for Bill gives the same speed after the 2.0 m fall, but since 
he stops over a distance of 0.30 m, his acceleration is -65 m/s 2 , and the rope pulls upward on 

Thus, 


Bill with an average force of 7.7 times his weight 


Bill is more likely to get hurt. 


83. Since the climbers are on ice, the frictional force for the 
lower two climbers is negligible. Consider the free- 
body diagram as shown. Note that all the masses are 
the same. Write Newton’s second law in the x direction 
for the lowest climber, assuming he is at rest. 
y F x = F T2 - mg sin 9 = 0 

F T2 = mg sin# = (75kg)(9.80m/s 2 )sin31.0° 


380N 


Write Newton’s second law in the x direction for the 
middle climber, assuming he is at rest. 

y F = F ti - F T2 - mg sin 6 = 0 — » F Tl = F T2 + mg sin 6 = 2F J2 g sin 6 



760 N 


84. Use Newton’s second law. 

Av 

F = ma = m — — > A t = 
At 


mAv (l.0xl0 10 kg)(2.0xl0 3 m/s) 


F 


(2.5N) 


8.0x10 s 


= 93 d 


85.| Use the tree-body diagram to find the net force in the x direction, and then 


the bottom of the ramp. 

y F = mg sin 6- F p =ma — » 

mgsmd-F e _ (450kg) (9.80m/s 2 )sin22° - 1420N 


a = ■ 


m 


450 kg 


= 0.516m/s 2 

v 2 = v 0 2 +2a(x-x 0 ) — > v = ^2a(x - x 0 ) = ^2^0. 5 16 m/s 2 ) (11. 5 m) = 3.4 m/; 
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86. (a) We use the tree-body diagram to find the force needed to pull the masses at a 
constant velocity. We choose the “up the plane” direction as the positive 
direction for both masses. Then they both have the same acceleration 
even if it is non-zero. 

m A '■ Y F x = F J ~ m A§ Sil1 6 A = m A a = 0 

,fl b '■ Y F x = F ~ F T ~ m B§ Sil1 d B = m B a = 0 

Add the equations to eliminate the tension force and 
solve for F. 

(F t - m A g sin 0 a ) + (F-F t - m B g sin 0 B ) = 0 -> 

F = g{ m A sin 0 A + m B sin 0 B ) 



1.40x10 2 N 


= (9.80m/s 2 )[(9.5kg)sin59 o + (ll.5kg)sin32°] 

( b ) Since 0 A > d B , if there were no connecting string, m A would have a larger acceleration than 
m B . If 6 a < 6 b , there would be no tension. But, since there is a connecting string, there will be 
tension in the string. Use the tree-body diagram from above but ignore the applied force F. 

m A- Y F x= F T- m ASsin0 A =m A a ; m b : = -F T -m B gsin0 B = m B a 

Again add the two equations to eliminate the tension force. 

( F t - m A g sin d A ) + (-F T - m B g sin 0 B ) = m A a + m B a -> 


a = ~g 


m A sin 0 A + m B sin 0 B _ ( ri0n _/^\ (9.5kg) sin59° + (l 1.5 kg) sin 32° 


m A +m B 


■ = - (9. 80 m/s 2 )- 


21.0kg 


= -6.644 m/ s 2 ~ 6.64 m/s 2 , down the planes 


(c) Use one of the Newton’s second law expressions from part ( b ) to find the string tension, ft must 
be positive if there is a tension. 

F t ~ m A g sin 0 A = m A a -> 

F t = m A (gsin^ +a) = (9.5kg)^9.80m/s 2 )(sin59°) -6.644 m/s 2 ^j 


17N 


87. (a) If the 2-block system is taken as a whole system, then the net force on the system is just the 

force F, accelerating the total mass. Use Newton’s second law to find the force from the mass 
and acceleration. Take the direction of motion caused by the force (left for the bottom block, 
right for the top block) as the positive direction. Then both blocks have the same acceleration. 

Y F x = F = ("Up + "ho tt o m ) « = (9.0kg)(2.5m/s 2 ) = 22.5 N 


23 N 


(. b ) The tension in the connecting cord is the only force acting on the top block, and so must be 
causing its acceleration. Again use Newton’s second law. 

Y F < = F T= "hop" = (1.5kg) (2.5 m/s 2 ) = 3.75 N 

This could be checked by using the bottom block. 


3.8N 


Y F * - F ~ f t = * 


= F -'"bottom" = 


= 22.5 N - (7.5 kg) (2.5 m/s 2 ) = 3.75 N 


(a) For this scenario, find your location at a time of 4.0 sec, using Eq. 2-12b. The acceleration is 
found from Newton’s second law. 


F. , 1200 N 

^ forward 




m 


750 kg 
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x-x 0 -v 0 t + \at 2 = (15 m/s) (4.0s) + ^ 


1200N 
750 kg 


(4.0s) 2 = 72.8 m > 65m 


Yes | , you will make it through the intersection before the light turns red. 


(. b ) For this scenario, find your location when the car has been fully stopped, using Eq. 2- 12c. The 
acceleration is found from Newton’s second law. 


a = 


braking 


1800N 


m 750 kg 

v 2 -i' 2 0- (15 m/s) 


— » v 2 = v 2 + 2a (x - x 0 ) — > 


2 a 


( 1800N^ 


= 46.9 m > 45 m 


750 kg 


No | , you will not stop before entering the intersection. 


89. 


We take the mass of the crate as m until we insert values. A ffee-body 
diagram is shown. 

(a) (i) Use Newton’s second law to find the acceleration, 
y/ F = mg sin 9 = ma — > a = 

(ii) Use Eq. 2- 12b to find the time for a displacement of £. 
x - x 0 = v 0 t + j at 1 — > / = jg(sint?)f — > 

2 / 

g sin 9 



gsinO 



(b) 


(iii) Use Eq. 2-12a to find the final velocity. 
v -v 0 + at = g sin 9 


2 / 


^2/gsin# 


gsint? 

(iv) Use Newton’s second law to find the normal force. 


y/ U = F n - mg cos 9 = 0 — > F n = mg cos 9 


Using the values of m = 1500 kg , g = 9.80m/s 2 , and / = 100 m , the requested quantities 
become as follows. 


a = (9.80sin6 l )m/s 2 ; t = , — s; 

V 9.80 sin ^ 

v = ^2 (100) (9.80) sin 9 m/s ; A N = (l500)(9.80)cos£ 
Graphs of these quantities as a function of 9 are given here. 
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We consider the limiting cases: at 
an angle of 0° , the crate does not 
move, and so the acceleration and 
final velocity would be 0. The 
time to travel 100 m would be 
infinite, and the normal force 
would be equal to the weight of 
W = mg 

= (l500kg)(9.80m/s 2 ) 

= 1.47x10 4 N. 

The graphs are all consistent with 
those results. 


For an angle of 90° , we would 
expect free-fall motion. The 
acceleration should be 9. 80 m/s 2 . 
The normal force would be 0. The 
free-fall time for an object 
dropped from rest a distance of 
100 m and the final velocity after 
that distance are calculated below. 
x - x 0 = vf + \at 2 — > 

fl7 12 (100 m) 

f= — = A = 4.5s 

\ g 9.80m/s~ 


v 2 = v 2 + 2a (x - jc 0 ) — > 
v = A g(x-x 0 ) 

= ^2 ( 9 . 80 m/ s 2 ) (lOO m) 
= 44 m/s 












Q 




N 



Vh yuuu 
<£ 







B 

Si 

0 





\ 
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5 6 
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Yes, the graphs agree with these results for the limiting cases. 

The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_1SM_CH04.XLS,” on tab “Problem 4.89b.” 
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Responses to Questions 

[T] Static friction between the crate and the truck bed causes the crate to accelerate. 

2. The kinetic friction force is parallel to the ramp and the block’s weight has a component parallel to 
the ramp. The parallel component of the block’s weight is directed down the ramp whether the block 
is sliding up or down. However, the frictional force is always in the direction opposite the block’s 
motion, so it will be down the ramp while the block is sliding up, but up the ramp while the block is 
sliding down. When the block is sliding up the ramp, the two forces acting on it parallel to the ramp 
are both acting in the same direction, and the magnitude of the net force is the sum of their 
magnitudes. But when the block is sliding down the ramp, the friction and the parallel component of 
the weight act in opposite directions, resulting in a smaller magnitude net force. A smaller net force 
yields a smaller (magnitude) acceleration. 

3. Because the train has a larger mass. If the stopping forces on the truck and train are equal, the 
(negative) acceleration of the train will be much smaller than that of the truck, since acceleration is 
inversely proportional to mass (a = F //??). The train will take longer to stop, as it has a smaller 

acceleration, and will travel a greater distance before stopping. The stopping force on the train may 
actually be greater than the stopping force on the truck, but not enough greater to compensate for the 
much greater mass of the train. 

4. Yes. Refer to Table 5-1. The coefficient of static friction between rubber and many solid surfaces is 
typically between 1 and 4. The coefficient of static friction can also be greater than one if either of 
the surfaces is sticky. 

5. When a skier is in motion, a small coefficient of kinetic friction lets the skis move easily on the snow 
with minimum effort. A large coefficient of static friction lets the skier rest on a slope without 
slipping and keeps the skier from sliding backward when going uphill. 

6. When the wheels of a car are rolling without slipping, the force between each tire and the road is 
static friction, whereas when the wheels lock, the force is kinetic friction. The coefficient of static 
friction is greater than the coefficient of kinetic friction for a set of surfaces, so the force of friction 
between the tires and the road will be greater if the tires are rolling. Once the wheels lock, you also 
have no steering control over the car. It is better to apply the brakes slowly and use the friction 
between the brake mechanism and the wheel to stop the car while maintaining control. If the road is 
slick, the coefficients of friction between the road and the tires are reduced, and it is even more 
important to apply the brakes slowly to stay in control. 

[ 7 ] ( b ). If the car comes to a stop without skidding, the force that stops the car is the force of kinetic 

friction between the brake mechanism and the wheels. This force is designed to be large. If you slam 
on the brakes and skid to a stop, the force that stops the car will be the force of kinetic friction 
between the tires and the road. Even with a dry road, this force is likely to be less that the force of 
kinetic friction between the brake mechanism and the wheels. The car will come to a stop more 
quickly if the tires continue to roll, rather than skid. In addition, once the wheels lock, you have no 
steering control over the car. 
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8. The forces in (a), ( b ), and (cl) are all equal to 400 N in magnitude. 

(a) You exert a force of 400 N on the car; by Newton’s third law the force exerted by the car on you 
also has a magnitude of 400 N. 

(b) Since the car doesn’t move, the friction force exerted by the road on the car must equal 400 N, 
too. Then, by Newton’s third law, the friction force exerted by the car on the road is also 400 N. 

(c) The normal force exerted by the road on you will be equal in magnitude to your weight 
(assuming you are standing vertically and have no vertical acceleration). This force is not 
required to be 400 N. 

( d) The car is exerting a 400 N horizontal force on you, and since you are not accelerating, the 
ground must be exerting an equal and opposite horizontal force. Therefore, the magnitude of the 
friction force exerted by the road on you is 400 N. 

9. On an icy surface, you need to put your foot straight down onto the sidewalk, with no component of 
velocity parallel to the surface. If you can do that, the interaction between you and the ice is through 
the static frictional force. If your foot has a component of velocity parallel to the surface of the ice, 
any resistance to motion will be caused by the kinetic frictional force, which is much smaller. You 
will be much more likely to slip. 

10. Yes, the centripetal acceleration will be greater when the speed is greater since centripetal 
acceleration is proportional to the square of the speed. An object in uniform circular motion has an 
acceleration, since the direction of the velocity vector is changing even though the speed is constant. 

11. No. The centripetal acceleration depends on 1/r, so a sharp curve, with a smaller radius, will generate 
a larger centripetal acceleration than a gentle curve, with a larger radius. (Note that the centripetal 
force in this case is provided by the static frictional force between the car and the road.) 

12. The three main forces on the child are the downward force of gravity (weight), the normal force up 
on the child from the horse, and the static frictional force on the child from the surface of the horse. 
The frictional force provides the centripetal acceleration. If there are other forces, such as contact 
forces between the child’s hands or legs and the horse, which have a radial component, they will 
contribute to the centripetal acceleration. 

13. As the child and sled come over the crest of the hill, they are moving in an arc. There must be a 
centripetal force, pointing inward toward the center of the arc. The combination of gravity (down) 
and the normal force (up) provides this centripetal force, which must be greater than or equal to zero. 
(At the top of the arc, F y = mg - N = m v 2 /r > 0.) The normal force must therefore be less than the 
child’s weight. 

14. No. The barrel of the dryer provides a centripetal force on the clothes to keep them moving in a 
circular path. A water droplet on the solid surface of the drum will also experience this centripetal 
force and move in a circle. However, as soon as the water droplet is at the location of a hole in the 
drum there will be no centripetal force on it and it will therefore continue moving in a path in the 
direction of its tangential velocity, which will take it out of the drum. There is no centrifugal force 
throwing the water outward; there is rather a lack of centripetal force to keep the water moving in a 
circular path. 

15. When describing a centrifuge experiment, the force acting on the object in the centrifuge should be 
specified. Stating the rpm will let you calculate the speed of the object in the centrifuge. However, to 
find the force on an object, you will also need the distance from the axis of rotation. 

16. She should let go of the string at the moment that the tangential velocity vector is directed exactly at 

the target. 
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17. The acceleration of the ball is inward, directly toward the pole, and is provided by the horizontal 
component of the tension in the string. 

18. For objects (including astronauts) on the inner surface of the cylinder, the normal force provides a 
centripetal force which points inward toward the center of the cylinder. This normal force simulates 
the normal force we feel when on the surface of Earth. 

(a) Falling objects are not in contact with the floor, so when released they will continue to move 
with constant velocity until the floor reaches them. From the frame of reference of the astronaut 
inside the cylinder, it will appear that the object falls in a curve, rather than straight down. 

(. b ) The magnitude of the normal force on the astronaut’s feet will depend on the radius and speed 
of the cylinder. If these are such that v 2 /r = g (so that mv 2 /r = mg for all objects), then the 
normal force will feel just like it does on the surface of Earth. 

(c) Because of the large size of Earth compared to humans, we cannot tell any difference between 
the gravitational force at our heads and at our feet. In a rotating space colony, the difference in 
the simulated gravity at different distances from the axis of rotation would be significant. 

19. At the top of bucket’s arc, the gravitational force and normal forces from the bucket provide the 
centripetal force needed to keep the water moving in a circle. (If we ignore the normal forces, mg = 

mv 2 /r, so the bucket must be moving with speed v > Jgr or the water will spill out of the bucket.) 

At the top of the arc, the water has a horizontal velocity. As the bucket passes the top of the arc, the 
velocity of the water develops a vertical component. But the bucket is traveling with the water, with 
the same velocity, and contains the water as it falls through the rest of its path. 

20. (a) The normal force on the car is largest at point C. In this case, the centripetal force keeping the 

car in a circular path of radius R is directed upward, so the normal force must be greater than the 
weight to provide this net upward force. 

( b ) The normal force is smallest at point A, the crest of the hill. At this point the centripetal force 
must be downward (towards the center of the circle) so the normal force must be less than the 
weight. (Notice that the normal force is equal to the weight at point B.) 

(c) The driver will feel heaviest where the normal force is greatest, or at point C. 

(, d) The driver will feel lightest at point A, where the normal force is the least. 

( e ) At point A, the centripetal force is weight minus normal force, or mg - N = mv 2 /r. The point at 
which the car just loses contact with the road corresponds to a normal force of zero. Setting 

/V = 0 gives mg = mv 2 /r or v = yfgr. 

21 . Leaning in when rounding a curve on a bicycle puts the bicycle tire at an angle with respect to the 
ground. This increases the component of the (static) frictional force on the tire due to the road. This 
force component points inward toward the center of the curve, thereby increasing the centripetal 
force on the bicycle and making it easier to turn. 

22. When an airplane is in level flight, the downward force of gravity is counteracted by the upward lift 
force, analogous to the upward normal force on a car driving on a level road. The lift on an airplane 
is perpendicular to the plane of the airplane’s wings, so when the airplane banks, the lift vector has 
both vertical and horizontal components (similar to the vertical and horizontal components of the 
normal force on a car on a banked turn). The vertical component of the lift balances the weight and 
the horizontal component of the lift provides the centripetal force. If L = the total lift and tp = the 
banking angle, measured from the vertical, then L cos cp = mg and L sin tp = mv 2 jr so 

cp = tan 1 (v 2 /gr). 
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23. If we solve for b, we have b = -F/v. The units for b are N-s/m = kg-m-s/(m-s 2 ) = kg/s. 

24. The force proportional to v 2 will dominate at high speed. 


Solutions to Problems 


0 


A free-body diagram for the crate is shown. The crate does not accelerate 
vertically, and so F x = mg. The crate does not accelerate horizontally, and 


so F p =F fr . 

F P = F fr =F k F u = M k mg = (0.30) (22 kg) (9.80 m/s 2 ) 


65 N 



If the coefficient of kinetic friction is zero, then the horizontal force required 

, since there is no friction to counteract. Of course, it would take a force to START the crate 


is 


0 N 


moving, but once it was moving, no further horizontal force would be necessary to maintain the 
motion. 


2 . 


A free-body diagram for the box is shown. Since the box does not accelerate 
vertically, F s = mg. 

(a) To start the box moving, the pulling force must just overcome the 
force of static friction, and that means the force of static friction will 
reach its maximum value of F fr = /r /y . Thus we have for the starting 
motion, 



Z F x=^P"^=0 -> 

F 

F P = F u = , uF -< = H,mg -> n,= 

mg 


35.0 N 

(6.0kg)(9.80m/s 2 ) 


0.60 


0 b ) 


The same force diagram applies, but now the friction is kinetic friction, and the pulling force is 
NOT equal to the frictional force, since the box is accelerating to the right. 

X F = F p ~ F a = ma F ? - F,, f n = ma F p - n k mg = ma -> 


M k 


F p - ma _ 35.0 N- (6.0 kg)(0.60m/s 2 ) 
mg (6.0 kg) (9. 80 m/s 2 ) 


3. 


A free-body diagram for you as you stand on the train is shown. Y ou do not 
accelerate vertically, and so F N = mg. The maximum static frictional force is juF n , 

and that must be greater than or equal to the force needed to accelerate you in order 
for you not to slip. 


F fr > ma —> JUF K > ma —> jumg > ma —> ,U ; > a/ g = 0.20 g/ g 
The static coefficient of friction must be at least 0.20 for you to not slide. 


0.20 



4. See the included free-body diagram. To find the maximum angle, assume 
that the car is just ready to slide, so that the force of static friction is a 
maximum. Write Newton’s second law for both directions. Note that for 
both directions, the net force must be zero since the car is not accelerating. 

^F = F n - mg cos 6 = 0 — > F N = mg cos 6 
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F - mg sin 8-F fr = 0 —> mg sin 6 = F ft = ,u F s = ft mg cos 6 
mg sin 6 


F = 


mg cos 6 


= tan# = 0.90 -» 6 = tan” 0.90° = 42° 


5. A free-body diagram for the accelerating car is shown. The car does not 
accelerate vertically, and so F N = mg. The static frictional force is the 

accelerating force, and so F [r = ma. If we assume the maximum acceleration, 
then we need the maximum force, and so the static frictional force would be its 
maximum value of li F„. Thus we have 

• s N 

F a - ma — > jU,F n = ma — > ft,. mg = ma — > 
a ~ M s S = 0.90(9.80m/s 2 ) = 




6 . 


(a) Here is a free-body diagram for the box at rest on the plane. The 
force of friction is a STATIC frictional force, since the box is at rest. 

(b) If the box were sliding down the plane, the only change is that 
the force of friction would be a KINETIC frictional force. 

(c) If the box were sliding up the plane, the force of friction would 
be a KINETIC frictional force, and it would point down the 
plane, in the opposite direction to that shown in the diagram. 

Notice that the angle is not used in this solution. 



0 


Start with a free-body diagram. Write Newton’s second law for each 
direction. 

^ F = mg sin 6 - F u = ma x 
Yj F y = F ~ m S cos 0 = ma y = 0 

Notice that the sum in they direction is 0, since there is no motion 
(and hence no acceleration) in the y direction. Solve for the force of 
friction. 



mg sin G - F (r = ma x 


F [r = mg sin# - ma x = (25.0 kg) ^9.80 m/s 2 ) (sin 27°) -0.30 m/s 2 J = 103.7 N ~ 

Now solve for the coefficient of kinetic friction. Note that the expression for the normal force comes 
from they direction force equation above. 


1.0x10 2 N 


F tr = AAj = M k m g cos 0 -» ft k = 


mg cos 6 


103.7N 

(25.0 kg) (9. 80 m/s 2 ) (cos 27°) 


0.48 


8. The direction of travel for the car is to the right, and that is also the positive 

horizontal direction. Using the free-body diagram, write Newton’s second law in 
the x direction for the car on the level road. We assume that the car is just on the 
verge of skidding, so that the magnitude of the friction force is F fr = ,u F x . 

a 3.80 m/s 2 

F = -Ffr = ma F {I = -ma = -/ l mg -> /l s = ~ = ~ on / , = 0-3878 

g 9.80m/s 
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Now put the car on an inclined plane. Newton’s second law in the x-direction 
for the car on the plane is used to find the acceleration. We again assume 
the car is on the verge of slipping, so the static frictional force is at its 
maximum. 

y F r - -F [r - mg sin 8 = ma — > 

-F, - mg sin 6 -u mg cos 8 -mg sin 8 , . . 

a = — * = _^_z s = -g (// s cos 8 + sin 8) 

m m 

= - (9.80 m/s 2 ) (0.3878 cos 9.3° + sin 9.3°) = 


-5.3 m/s 2 



9. 


Since the skier is moving at a constant speed, the net force on the skier must 
be 0. See the ffee-body diagram, and write Newton’s second law for both 
the x and y directions. 

mg sin 8 = F (t = ,tt F s = jumg cos 8 -> 


A 


= tan# = tan 27° = 


0.51 


Fn 



10 . 


A ffee-body diagram for the bar of soap is shown. There 
the v direction and thus no acceleration in the y direction, 
second law for both directions, and use those expressions 
acceleration of the soap. 

y F x = F N - mg cos 8 = 0 — » F N = mg cos 8 

y F = mg sin 8 - F (r = ma 

ma = mg sin 8 - ju k F s = mg sin 8 - ju k mg cos 0 



a = g (sin 8 - ju k cos 8) 

Now use Eq. 2- 12b, with an initial velocity of 0, to find the final velocity, 
x = x 0 + v 0 t + \at~ — » 



2x 


2 (9.0 m) 


(sin 8- ju k cos#) v (9.80m/s 2 )(sin8.0°-(0.060)cos8.0°) 


4.8s 


11. A free-body diagram for the box is shown, assuming that it is moving to the 
right. The “push” is not shown on the free-body diagram because as soon as the 
box moves away from the source of the pushing force, the push is no longer 
applied to the box. It is apparent from the diagram that F N = mg for the vertical 

direction. We write Newton’s second law for the horizontal direction, with 
positive to the right, to find the acceleration of the box. 

X F, = -F fr = ma -> ma = = -<u k mg 



mg 


a = ~jU k g - -0.15(9.80m/s 2 ) = -1.47 m/s 2 

Eq. 2- 12c can be used to find the distance that the box moves before stopping. The initial speed is 
4.0 m/s, and the final speed will be 0. 


v" - v 2 = 2a (x - x 0 ) 


— > 


2 a 


0 - (3.5m/s)" 
2 (-1.47 m/ s 2 ) 


4.17ms 


4.2 m 
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12. ( a ) A free-body diagram for the car is shown, assuming that it is moving to the 
right. It is apparent from the diagram that F N = mg for the vertical direction. 

Write Newton’s second law for the horizontal direction, with positive to the 
right, to find the acceleration of the car. Since the car is assumed to NOT be 
sliding, use the maximum force of static friction. 

'YjF x = -F fr = ma — > ma = ~/uF ’ N = -jU s mg — > a = -ju s g 

Eq. 2- 12c can be used to find the distance that the car moves before stopping. The initial speed 
is given as v, and the final speed will be 0. 

2 2 ~ / \ / X V -K 0- 

v -v 0 = Za\x-x 0 ) — » [x-x 0 ) = 



2 a 2 {~M s g) 


2 M s g 


(b) Using the given values: 


v = (95 km/h) 


lm/s 
3. 6 km/h 


= 26.38m/s (jc-jc 0 ) = - 


(26.38m/s) 2 


55 m 


(c) 


2 ju s g 2(0.65)(9.80m/s 2 ) 

From part (a), we see that the distance is inversely proportional to g, and so if g is reduced by a 
factor of 6, the distance is increased by a factor of 6 to 330m 


13. | We draw three free-body diagrams - one for the car, one for the trailer, and 
then “add” them for the combination of car and trailer. Note that since the 
car pushes against the ground, the ground will push against the car with an 

equal but oppositely directed force. F CG is the force on the car due to the 
ground, F TC is the force on the trailer due to the car, and F cr is the force on 
the car due to the trailer. Note that by Newton’s rhird law, |F ct | = |F tc | . 

From consideration of the vertical forces in the individual free-body 
diagrams, it is apparent that the normal force on each object is equal to its 
weight. This leads to the conclusion that F fr = u, F s 1 = t u k m T g = 

(0.15) (350 kg)(9.80m/s 2 ) = 514.5N . 

Now consider the combined free-body diagram. Write 
Newton’s second law for the horizontal direction, This allows 
the calculation of the acceleration of the system. 

F - F ( , - F c _ = ( m, + m , ) a — > 



a = 


F -F 

CG fr 


■F tr - ( m c + m T ) a 
3600N-514.5N 


m c + m T 


= 1.893 m/s 2 



(m c + m T ) g 


1630 kg 

Finally, consider the free-body diagram for the trailer alone. Again write Newton’s second law for 
the horizontal direction, and solve for F_„. 


F Fjq F fr i n T a > 

F tc = F lr + m T a = 5 14.5 N + (350 kg) (l. 893 m/s 2 ) = 1 177N 


1200N 


14. Assume that kinetic friction is the net force causing the deceleration. See the 
free-body diagram for the car, assuming that the right is the positive direction, 
and the direction of motion of the skidding car. There is no acceleration in the 
vertical direction, and so F,, = mg . Applying Newton’s second law to the x 
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direction gives the following. 

'YjF = -F f = ma -» - jU k F N = -U.mg = ma -> a = -jU k g 

Use Eq. 2- 12c to determine the initial speed of the car, with the final speed of the car being zero 
v 2 - v 2 = 2a (x - x 0 ) — > 

v 0 = yjv 2 -2a(x-x 0 ) = yjO-2(-jU k g)(x- x 0 ) = ^2(0.80)(9.80m/s 2 )(72 m) = 34 m/s 


15. (a) Consider the tree-body diagram for the snow on the roof. If the snow 
is just ready to slip, then the static frictional force is at its maximum 
value, F fr = ju s F N . Write Newton’s second law in both directions, 
with the net force equal to zero since the snow is not accelerating. 

^ F = F N - mg cos 6 = 0 — > F N = mg cos 6 

y/ F x = mg sin 9 - F h = 0 — > 

mg sin 6 = F h = ,u F,. = fimg cos 6 — > fi s = tan 6 = tan 34° = 

If ju s > 0.67 , then the snow would not be on the verge of slipping. 

(. b ) The same ffee-body diagram applies for the sliding snow. But now the force of friction is 
kinetic, so F fr = ju k F N , and the net force in the x direction is not zero. Write Newton’s second 
law for the x direction again, and solve for the acceleration. 

y F r - mg sin 6 - F ft - ma 

mg sin 6 - F {: mg smd - n k mg cos 0 



a = 


- g(sin6 ) - n k cos^) 


m m 

Use Eq. 2- 12c with v ( . = 0 to find the speed at the end of the roof. 
v 2 - v 2 = 2a (x - jc 0 ) 

v = ,Jv 0 + 2 a(x-x 0 ) = yj2g (sin 6 - fi k cos 6)(x-x 0 ) 

= ^2 ^9.80 m/s 2 ) (sin 34° - (0.20) cos 34°) (6.0 m) = 6.802 m/s = 6.8 m/s 

(c) Now the problem becomes a projectile motion problem. The projectile 
has an initial speed of 6.802 m/s, directed at an angle of 34° below the 
horizontal. The horizontal component of the speed, (6.802 m/s) cos 34° 

= 5.64 m/s, will stay constant. The vertical component will change due 
to gravity. Define the positive direction to be downward. Then the 
starting vertical velocity is (6.802 m/s) sin 34° =3.804 m/s, the vertical acceleration is 9.80 m/s 2 , 
and the vertical displacement is 10.0 m. Use Eq. 2-12c to find the final vertical speed. 

V y~ V rOy =MT-To) 

^v 2 0 + 2 a(y-y 0 )= 3.804 m/s) 2 + 2 (9.80 m/s 9(10.0 m) 


34° 


v 

■ 


= 14.5 m/s 


To find the speed when it hits the ground, the horizontal and vertical components of velocity 
must again be combined, according to the Pythagorean theorem. 

v = -\j v l + V 2 = sj( 5. 64 m/s) 2 + (14.5 m/s)" = 15.6m/s = 16m/s 
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16. Consider a free-body diagram for the box, showing force on the box. When 
F p = 23 N, the block does not move. Thus in that case, the force of friction 

is static friction, and must be at its maximum value, given by F fr = ft,.F N . 

Write Newton’s second law in both the x and y directions. The net force in 
each case must be 0, since the block is at rest. 

= F p cos 6 - F N =0 -+■ F n = F p cos 9 

^ F = F fr + F p sin d-mg = 0 F fr + F p sin d = mg 


ju s F x + F p sin 6 = mg — > ju F p cos 6 + F p sin 6 - mg 

m = —(jU s cos 0 + sin $) = — 40 cos 28° + sin 28° 
g ’ 9.80 m/s" ' 




17. (a) Since the two blocks are in contact, they can be treated as a p, 

single object as long as no information is needed about internal p r n 

forces (like the force of one block pushing on the other block). ^ 

Since there is no motion in the vertical direction, it is apparent that F fr — L - 
F n = (m, + / n 2 ) g, and so F fr = /i k F^ = ju k ( 777 , + m 2 ) g. Write F n 

Newton’s second law for the horizontal direction. 

Z F v = F p - F fr - (m t + m 2 ) a 

a _ F p -F fi _ F p - J u k (m l +m 2 )g _ 650N - (0.18) (190 kg) (9.80m/s 2 ) 

777, + 777, 777, + 777, 190 kg 


(/77, + 777, )g 


777, + 777, 


777, + 777, 


= 1.657m/s 2 = 1.7 m/s 2 

( b ) To solve for the contact forces between the blocks, an individual block p 

must be analyzed. Look at the free-body diagram for the second block. ►! 

F,, is the force of the first block pushing on the second block. Again, it ■* 

is apparent that F N2 = m,g and so F fr2 = ft k F m = fiynyg. Write Newton’s 12 p t I m g 
second law for the horizontal direction. I T 

= F 2] - F lr2 - m 2 a -+ 

F 2 , = ju k m 2 g + m 2 a = (0.18)(l25kg)(9.80m/s 2 ) + (l25kg)(l.657m/s 2 ) = 430 N 

By Newton’s third law, there will also be a 430 N force to the left on block # 1 due to block # 2. 

(c) If the crates are reversed, the acceleration of the system will remain p. 

the same - the analysis from part (a) still applies. We can also repeat the LL_ »j 

analysis from part (b) to find the force of one block on the other, if we m i 

simply change 777J to 7?7 2 in the free-body diagram and the resulting p — L 

equations. trl p m t I 777, g 

a = | L7m / s2 | i = F n- F m = m i a 

F n = ju lr m i g + 777, a = (0.18)(65kg)(9.80m/s 2 ) + (65 kg) (l.657m/s 2 ) = 220N 
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18. (a) 


(b) 


Consider the tree-body diagram for the crate on the surface. There is 
no motion in the y direction and thus no acceleration in the y direction. 
Write Newton’s second law for both directions. 

^F = F N - mg cos 6 = 0 — > F N = mg cos 9 

y F = mg sin 6 - F ft = ma 

ma = mg sin 0 - u t F N = mg sin 0 - ju k mg cos 0 

a = g (sin 9 - ju k cos 9 ) 



= (9.80m/s 2 )(sin25.0°-0.19cos25.0°) = 2.454 m/s 2 - 
Now use Eq. 2- 12c, with an initial velocity of 0, to find the final velocity. 
v 2 -v 2 = 2a(x-x 0 ) — > v = yjl a(x-x 0 ) = ^2^2.454 m/s 2 )(8. 15m) 


2.5 m/s 2 


6.3m/s 


19 


(a) 


Consider the tree-body diagram for the crate on the surface. There is 
no motion in the y direction and thus no acceleration in the y direction. 
Write Newton’s second law for both directions, and find the 
acceleration. 

^F = F N - mg cos 0 = 0 — > F N = mg cos 9 
= mg sin 9 + F fr = ma 

ma = mg sin 9 + u, F, = mg sin 9 + ju k mg cos 9 



a = g(sin# + ji k cost?) 

Now use Eq. 2- 12c, with an initial velocity of -3.0 m/s and a final velocity of 0 to find the 
distance the crate travels up the plane. 
v 2 - v 2 = 2a (x - x 0 ) — > 


(b) 


-(-3.0m/s)" 


= -0.796 m 


0 2 a 2 (9.80m/s 2 ) (sin25.0° + 0.17 cos 25.0°) 

The crate travels 0.80 m up the plane. 

We use the acceleration found above with the initial velocity in Eq. 2- 12a to find the time for 
the crate to travel up the plane. 


v - v 0 T at -» t ap - ■ 


K o _ 


(-3.0m/s) 


a u P (9.80 m/ s 2 ) (sin25.0° + 0. 17 cos 25.0° 


■ = 0.5308s 


The total time is NOT just twice the time to travel up the plane, because 
the acceleration of the block is different for the two parts of the motion. 
The second tree-body diagram applies to the block sliding down the 
plane. A similar analysis will give the acceleration, and then Eq. 2- 12b 
with an initial velocity of 0 is used to find the time to move down the 
plane. 

£f = F n - mg cos 9 = 0 — > F n = mg cos 9 
y F = mg sin 9 - F fr = ma 



ma = mg sin 9 - it, F s = mg sin 9 - ju k mg cos 9 
a = g (sin 9 - n k cos 9 ) 
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x-x 0 = v 0 t + \at 2 


^down 


t = t +t, 

up down 


2(x-x 0 ) _ 

2(0. 796m) 

^down \ 

(9. 80 m/s 2 ) 

(sin25.0°-0.17cos25.0°) 


= 0.7778s 


= 0.5308s + 0.7778s = 


1.3s 


It is worth noting that the final speed is about 2.0 m/s, significantly less than the 3.0 m/s original 
speed. 


20. Since the upper block has a higher coefficient of friction, that 
block will “drag behind” the lower block. Thus there will be 
tension in the cord, and the blocks will have the same 
acceleration. From the free-body diagrams for each block, we 
write Newton’s second law for both the x and y directions for 
each block, and then combine those equations to find the 
acceleration and tension. 

(a) Block A: 

Z F va = F NA -m A gcos9 = 0 -> F nA =m A g cost? 

Z F >a = ™ A g sin 9 - F tiA -F r = m A a 
m A a = m A g sin 6 - M A F NA -F r = m A g sin 0 - jU A m A g cos 9 - F 1 
Block B: 

Ya F yB =F NB -m B gcos9 = 0 -> F nb =m B g cos 0 
Z F v S = n FS sin 0 - F tiA + F t = m B a 
m B a = m B g sin 9 - jU b F nb + F T = m B g sin 9 - Ju B m B g cos 9 + F T 
Add the final equations together from both analyses and solve for the acceleration. 
m A a = m A g sin 9 - jU A m A g cos 9 - F T ; m B a = m B g sin 9 - jU B m B S cos @ + F i 



m A a + m B a = m A g sin 9 - Ju A m A g cos 9- F T + m B g sin 9 - p B nt B g cos 9 + F 


a = g 


m A (sin ^-// A cos + m B (sin 9- ju B cos 9) 


= (9.80m/s 2 ) 


(m A +m B ) 

(5.0kg) (sin32°-0.20cos32°) + (5.0kg) (sin32°-0.30cos32°)’ 

(10.0kg) ~ 


= 3.1155m/s 2 = 3.1m/s 2 


(b) Solve one of the equations for the tension force. 
m A a = m A g sin 9 - jU A m A g cos 9 - F r — > 

F T =»i A (gsin6>-// A gcos6'-a) 

= (5.0 kg) [(9.80 m/s 2 ) (sin 32° - 0.20 cos 32°) - 3. 1 155 m/s 2 ] : 


2. IN 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

128 







Chapter 5 


Using Newton ’s Laws: Friction, Circular Motion, Drag Forces 


21. (a) If /U A < jU B , the untethered acceleration of m A would be greater than that of m B . If there were 

no cord connecting the masses, m A would “run away” from m B . So if they are joined together, 

m A would be restrained by the tension in the cord, m B would be pulled forward by the tension 

in the cord, and the two masses would have the same acceleration. This is exactly the situation 
for Problem 20. 

( b ) If jU A > jU B , the untethered acceleration of m A would be less than that of m B . So even if there 
is a cord between them, m B will move ever closer to m A , and there will be no tension in the 
cord. If the incline were long enough, eventually m B would catch up to m, and begin to push 
it down the plane. 

(c) For ju A < // B , the analysis will be exactly like Problem 20. Refer to that free-body diagram and 
analysis. The acceleration and tension are as follows, taken from the Problem 20 analysis. 

m A (sin 9 - f.i A cos 9 ) + m B (sin 6 - f.t B cos 9) 

L K+^b) 

m A a = m A g sin 9 - jU A m A g cos 9 - F T — > 


Fj = m A g sin 9 - 


Fpjn A g cos 9 - 


m K a 


- m 


? A g sin 9 - Ju A m A g cos 9 - 


m A g 


m 


K (sin 9 - /.i A cos 9) + m B (sin 9 - f.t B cos 9) 

( m A +m n) 


_ m A m B g C0S @ t .. 
[m A +m B ) 


-m a ) 


( , X V * B “A / 

) 

For // A > jU B , we can follow the analysis of Problem 20 but not include the tension forces. 

Each block will have its own acceleration. Refer to the free-body diagram for Problem 20. 
Block A: 

2>a = F NA -m A gcos9 = 0 ' ” 


F NA = m A g cos 9 


F x A= m Ag sin0 - F frA= m A a A 

m A a A = m A g sin 9 - M a F na = m A S sin ^ “ M A m A S cos ^ 
— 1 


a. 


Block B: 


= g(sint?-// A cos^) 


Tj F vB = F NB- m Bg COS0 = O 

Yt 

Xi 


- A gsin6»-F |rA =m H a H 

m B a B = 


^NB =m B g cos 9 


Fb = m A 


n B ct B = m B gsin9- 


Mb F NB = m B g Sin 6 ~ t- l B m B g C0S 6 


a Q 


- g (sin 9 - f.t B cos 9) 


Nntp 


22. The force of static friction is what decelerates the crate if it is not sliding on the 
truck bed. If the crate is not to slide, but the maximum deceleration is desired, 
then the maximum static frictional force must be exerted, and so F h = ,u F K . 

The direction of travel is to the right. It is apparent that F n = mg since there is 
no acceleration in they direction. Write Newton’s second law for the truck in 
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the horizontal direction. 

- -F fr - ma — > -flmg-ma — > a = -jU s g = -(0.75)(9.80m/s 2 ) = -7.4m/s 2 
The negative sign indicates the direction of the acceleration - opposite to the direction of motion. 


23. (a) For m B to not move, the tension must be equal to m B g, and so m B g = F 1 . For m A to not 
move, the tension must be equal to the force of static friction, and so F s = F 1 . Note that the 
normal force on m A is equal to its weight. Use these relationships to solve for m A . 

r ^ ^ m B 2 - 0k § cm 

m B g = F r =F<^m A g ->■ m A > — = — — = 5.0 kg m A > 

H s 0.40 

(. b ) For in B to move with constant velocity, the tension must be equal to m B g . For m A to move 
with constant velocity, the tension must be equal to the force of kinetic friction. Note that the 
normal force on m A is equal to its weight. Use these relationships to solve for m A . 



m B§ = F k = M k m A g -» m A 





24. 


We define /to be the fraction of the cord that 
is handing down, between m B and the pulley. 

Thus the mass of that piece of cord is fm c . 

We assume that the system is moving to the 
right as well. We take the tension in the cord 
to be F r at the pulley. We treat the hanging 

mass and hanging fraction of the cord as one 
mass, and the sliding mass and horizontal part 
of the cord as another mass. See the free-body 
diagrams. We write Newton’s second law for each object. 

Z F ,a = - i m a + (!-/) m c )g = ° 

Z F ,s = F T~ F fr = F T - = i m A + (!-/) m c ) a 

Z F xB = ( m B + f m C )g~ F T=( m B + Me ) a 




Combine the relationships to solve for the acceleration. In particular, add the two equations for the 
v-di recti on, and then substitute the normal force. 

_ I" m B + fm c - M v (m A + (l - /) m c ) 1 

a g 

m A + nt B + m c 


25. (a) Consider the free-body diagram for the block on the surface. There is 
no motion in the y direction and thus no acceleration in the y direction. 
Write Newton’s second law for both directions, and find the 
acceleration. 

Zr. = r B -"'gcos^ = 0 -> F N =mg COS0 

Sr = nig sin 9 + F b = ma 

ma = mg sin 0 + //, F w = mg sin 6 + //, mg cos 9 

a = g(sin^ + fi k cos^) 



© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

130 










Chapter 5 


Using Newton ’s Laws: Friction, Circular Motion, Drag Forces 


Now use Eq. 2-12c, with an initial velocity of v 0 , a final velocity of 0, and a displacement of 
-d to find the coefficient of kinetic friction. 

v 2 -v 2 = 2a(x-x 0 ) — > 0-v 2 = 2g(sin# + // t cos #)(-#) — > 


A = 


2gd cos 9 


■ tan 9 


( b ) Now consider the free-body diagram for the block at the top of its 

motion. We use a similar force analysis, but now the magnitude of the 
friction force is given by F Sr < jU s F n , and the acceleration is 0. 

Zf = F N — mg cos 9 = 0 — > F N = mg cost? 

Z F = mg sin 9 - F fr = ma = 0 — > F fr = mg sin 0 

F It < u F s — > »7g sin 9 < jumg cos 0 — > // > tan 9 


26. First consider the free-body diagram for the snowboarder on the incline. 
Write Newton’s second law for both directions, and find the acceleration. 
ZZ = F N - mg cos 9 = 0 — > F N = mg cos # 

Z F = »7g sin # - F ft = 777 a 

ma = mg sin 6 - ju tl F^ = mg sin 9 - it, t mg cos 0 

a sio P e = g (sin 0-/^, cos#) = (9.80m/s 2 )(sin28°-0.18cos28°) 



= 3. 043 m/s 2 = 3.0 m / 


Now consider the free-body diagram for the snowboarder on the flat surface. 
Again use Newton’s second law to find the acceleration. Note that the normal 
force and the frictional force are different in this part of the problem, even 
though the same symbol is used. 

= F S - m S = 0 -» F S = mg Z = -Ffr = ma 


ma„ 


= ~ F fr = ~F k2 F n = ~M ki mg -> 



a flat = ~ju k2 g = -(0.15)(9.80m/s 2 ) = -1.47 m/s 2 = -1.5m/s 2 

Use Eq. 2- 12c to find the speed at the bottom of the slope. This is the speed at the start of the flat 
section. Eq. 2- 12c can be used again to find the distance x. 

v 2 - v 2 = 2a (x - x 0 ) — > 

Vendor = V v o +2a sio pe ( x ~ x 0 ) = ^/(5-Om/s) 2 +2 (3.043 m/s 2 ) (110m) = 26.35 m/s 

slope 

v 2 - v 2 = 2a (x - x 0 ) — > 


x - X, 


) =fW = 0-(2<i.35m/.r =236m; 


2 a„ 


2 (-1.47 m/ s 2 ) 


240 m 


27. The belt is sliding underneath the box (to the right), so there will be a force of 
kinetic friction on the box, until the box reaches a speed of 1.5 m/s. Use the free- 
body diagram to calculate the acceleration of the box. 

(a) Z F v = F ,r = ma = ,u k F-„ = M k mg -» a = ju k g 
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= F fr = ma = AA- = N n g a =M k g 

v — v„ v-0 1.5 m/s 


v = v„ + at — > t - 


(b) x-x 0 = 


V ~ V 0 _ V 


a jU k g (0.70)(9.80m/s 2 ) 
2 _ (l.5m/s) 2 


0.22 s 


2 a 


2ji v g 2(0.70) (9. 80m/s 2 ) 


0.16m 


28. 


We define the positive x direction to be the direction 
of motion for each block. See the tree-body diagrams. 
Write Newton’s second law in both dimensions for 
both objects. Add the two x-equations to find the 
acceleration. 

Block A: 

X F vA = Aa - m A§ C0S 6 A = 0 -> Aa = m A§ C0S 6 A 

2X = F 1 - m A§ Sin 6 - F frA = m A a 



Block B: 

Yu F yB = F NB- m B g COS0 B =° -> F m =m B gCOS0 B 

Yj F xB = m B g sin 6 - F m ~ F t= m B a 


Add the final equations together from both analyses and solve for the acceleration, noting that in 
both cases the friction force is found as F fr = uF s . 


m A a = F r - m A g sin d A - ft A m A g cos 0 A ; m B a = m B g sin 0 B - jU B m B g cos ~ F i 


m A a + m B a = F t - m A g sin d A - M A m Ag cos #a + m B S sin - M B m B S cos #b _ F j 
- m A (sin 6 a + ju A cos 0 A ) + m B (sin 6 - // B cos 0) 


a = g 


= (9.80m/s 2 ) 
= -2.2 m/s 2 


(m A +m B ) 

-(2.0 kg) (sin 51° + 0.30 cos 51°) + (5.0 kg) (sin 21° - 0.30 cos 21°) 

(7.0kg) 


29. We assume that the child starts from rest at the top of the slide, and then slides 
a distance x - x 0 along the slide. A force diagram is shown for the child on 

the slide. First, ignore the frictional force and so consider the no-friction case. 

All of the motion is in the x direction, so we will only consider Newton’s 
second law for the x direction. 

^ F x = mg sin 6 = ma — > a = g sin 9 
Use Eq. 2- 12c to calculate the speed at the bottom of the slide. 

v 2 - v 2 = 2a ( x - x 0 ) -> v (No Mction) = V v o+2«(x-x 0 ) = ^2gsin8(x-x 0 ) 

Now include kinetic friction. We must consider Newton’s second law in both the x and y directions 
now. The net force in the y direction must be 0 since there is no acceleration in the y direction. 

^ F = F n - mg cos 6 = 0 — > F N = mg cos 9 

y) F x = ma = mg sin 9 - F fi = mg sin 9 - u, /\ = mg sin 9 - //, mg cos 9 
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a = ■ 


mg sin 6 - ,u t mg cos 6 


m 


= g( smd- n k cos 9) 


With this acceleration, we can again use Eq. 2- 12c to find the speed after sliding a certain distance. 


= 2a(x-x 0 ) — > v ( 


( friction ) 


■yjv; + 2a (x - x 0 ) = yj2g(sind - /.i k cos 9)(x-x 0 ) 


Now let the speed with friction be half the speed without friction, and solve for the coefficient of 
friction. Square the resulting equation and divide by g cos 0 to get the result. 


(friction) 2 (No friction) 




^2g (sin 9 - fi k cos 0) (x - x 0 ) = ^2g (sin9)(x - x 0 ) 


2 g (sin 9 - fi k cos 9) (x - x 0 ) = j 2g (sin 9) (x - x 0 ) 


jU k = jtan 9 = jtan34° - 1 0.5 1 


30. (a) Given that m B is moving down, m A must be moving 
up the incline, and so the force of kinetic friction on 
m A will be directed down the incline. Since the 
blocks are tied together, they will both have the 
same acceleration, and so a „ = a = a. Write 

7 _yB xA 

Newton’s second law for each mass. 

Tj F yB = m B S~ F T = m B a F T= m B g~ m B a 

= F r~ m A § sin 6 ~ F u = m A a 

Z F vA = F n - m A§ cos 9 = 0 -> F n = m A g cos 9 

Take the information from the two y equations and substitute into the x equation to solve for the 
acceleration. 

m B g - m B a - m K g sin 9 - ju k m A g cos 9 = m A a — > 



a = 


= yg(l-sin$ - jU k g cos #) 


m B g - m A g sin 9 - m A gjU k g cos 9 
{m A +m B ) 


|(9.80m/s 2 )(l-sin34 o -0.15cos34°) = |l.6m/s 2 


(b) To have an acceleration of zero, the expression for the acceleration must be zero. 
a =\g{\-sm9 - cos#) = 0 — > 1 - sin 9 - jU k cos 9 = 0 — » 

l-sin# 1- sin 34° 


M k = 


cos 9 


cos 34° 


0.53 


|31.| Draw a free-body diagram for each block. 


Block A (top) 


F. 


-F F 

A frAB r NB 

-I 

NA 








u 






Block B (bottom) 
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R , „ is the force of friction between the two blocks, F... is the normal force of contact between the 

fr AB ’ NA 

two blocks, F frB is the force of friction between the bottom block and the floor, and F NB is the 
normal force of contact between the bottom block and the floor. 


Neither block is accelerating vertically, and so the net vertical force on each block is zero, 
top: F na - m A g = 0 -> F NA = m A g 

bottom: F NB - F NA - m B g = 0 -» F NB = F NA + m B g = ( m A + m B ) g 

Take the positive horizontal direction to be the direction of motion of each block. Thus for the 
bottom block, positive is to the right, and for the top block, positive is to the left. Then, since the 
blocks are constrained to move together by the connecting string, both blocks will have the same 
acceleration. Write Newton’s second law for the horizontal direction for each block, 
top: F t - F {t m = m A a bottom: F- F. r - F fv AB - F fr H = m B a 

(a) If the two blocks are just to move, then the force of static friction will be at its maximum, and so 
the frictions forces are as follows. 

F flAB = M S F U A = M. m A g ; ^ frB = M S F NB = Ms (m A + m B )g 
Substitute into Newton’s second law for the horizontal direction with a = 0 and solve for F . 


top: F t - jurn A g = 0 F T = /, im A g 
bottom: F-F T - jU s m A g - // ( m A + m B ) g = 0 — > 

F = F t + n s m A g + M s (m A +m B )g = f.un A g + f.un A g + // s ( ™ A +m B )g 
= ju s (3 m A + m B )g = (0.60) (14kg) (9.80 m/s 2 ) = 82.32 N 


82 N 


( b ) Multiply the force by 1.1 so that F = l.l(82.32N) = 90.55N. Again use Newton’s second law 
for the horizontal direction, but with a ± 0 and using the coefficient of kinetic friction, 
top: F t - M k m A g = m A a 

bottom: F-F T - jU v m A g - ju k (m A + m B ) g = m B a 


sum: 


F - Mpn A g - Mk m A g - My ( >n A +m B )g = ( m A +m B )a 

F - M k m A g - Mv m A g - M k (m A + m B ) g _ F - /.t k (3m A + m B ) g 


a = 


(m A +m B ) 

90.55 N - (0.40) (14.0kg) (9.80 m/s 2 ) 
(8.0kg) 


(m A +m B ) 


= 4.459 m/s 2 = 4.5 m/s 


32. 


Free-body diagrams are shown for both blocks. There is a force of friction 
between the two blocks, which acts to the right on the top block, and to the left 
on the bottom block. They are a Newton’s third law pair of forces. 

( a ) If the 4.0 kg block does not slide off, then it must have the same 

acceleration as the 12.0 kg block. That acceleration is caused by the force 
of static friction between the two blocks. To find the minimum coefficient, 
we use the maximum force of static friction. 


F, r = >n m a = uF s =//m top g -»// = - 

top top g 


5.2 m/s 2 
9.80 m/s 2 


= 0.5306 = 0.53 


(t b ) If the coefficient of friction only has half the value, then the blocks will be 
sliding with respect to one another, and so the friction will be kinetic. 
//=A (0.5306) = 0.2653 ; F h = m io a = piF^ = fim^g -> 

top top 



? ”topg 



bottom 
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a = jug = (0.2653) (9.80 m/s 2 ) = 2.6 m/s 


(c) The bottom block is still accelerating to the right at 5.2 m/ s 2 . Since the top block has a smaller 
acceleration than that, it has a negative acceleration relative to the bottom block. 

= 2.6 m/s 2 i - 5.2 m/s 2 i = -2.6 m/s 2 i 


^ top rel ^ top rel Aground rel ^ top rel ^bottom rel 


ground bottom 


ground ground 


The top block has an acceleration of 2.6 m/ s 2 to the left 
(d) No sliding: 


relative to the bottom block. 


F =F-F f 

x P fr 


bottom 

net 




,M bottoiAottom ^fr ^bottonFbottom ^topFop ^bottoiAottom top bottom ) 


top 


= (l6.0kg)(5.2m/s 2 ) = 


83 N 


This is the same as simply assuming that the external force is accelerating the total mass. The 
internal friction need not be considered if the blocks are not moving relative to each other. 

Sliding: 

F — F ~ F — 777 Cl — > 

1 x J P 1 fr bottom W bottom 7 


C + ^bottom ^bottom ^fr ^bottom^bottom ,M top fl top ,M bottoiAottom 

bottom top 


= (4.0 kg) (2.6 m/ s 2 ) + (12.0 kg) (5.2 m/s 2 ) = 


73 N 


Again this can be interpreted as the external force providing the acceleration for each block. 
The internal friction need not be considered. 


33. To find the limiting value, we assume that the blocks are NOT slipping, 
but that the force of static friction on the smaller block is at its 
maximum value, so that F fi = ,uF t , . For the two-block system, there is 

no friction on the system, and so F = (M + m) a describes the 
horizontal motion of the system. Thus the upper block has a vertical 

F 


acceleration of 0 and a horizontal acceleration of ■ 


-. Write 



(M + m ) 

Newton’s second law for the upper block, using the force diagram, and solve for the applied force F. 
Note that the static friction force will be DOWN the plane, since the block is on the verge of sliding 
UP the plane. 

V F = F n cos 6 - F & sin 0 - mg = F N (cos 6> - // sin 6>) - mg = 0 — » F N = — - 

(cos# -//sin#) 


y, F = F n sin # + F (r cos # = F N (sin # + // cos #) = ma = m 


F 


M + m 


F = F n (sin # + // cos #) 


M + m 


m 


mg 


(cos# -//sin#) 


(sin# + //cos#) 


— > 


M + m 


m 


(M + m) g 


(sin# + //cos#) 


(cos# -//sin#) 
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34. A free-body diagram for the car at one instant of time is shown. In the diagram, the 
car is coming out of the paper at the reader, and the center of the circular path is to 
the right of the car, in the plane of the paper. If the car has its maximum speed, it 
would be on the verge of slipping, and the force of static friction would be at its 
maximum value. The vertical forces (gravity and normal force) are of the same 
magnitude, because the car is not accelerating vertically. We assume that the force 
of friction is the force causing the circular motion. 

F R = F fr -> m v 2 / r = P : F N = jUmg -> 


v = 


■>J ]urg = 0.65) (80.0 m) (9.80m/s 2 ) = 22.57 m/s = 23 m/s 


Notice that the result is | independent of the car’s mass 



35. 


(a) 

0 b ) 


Find the centripetal acceleration from Eq. 5-1. 

a R = v 1 jr = (l.30m/s) 2 /l.20m = 1.408 m/s 2 « 

The net horizontal force is causing the centripetal motion, and so will be the centripetal force. 


1.41 m/s 2 


F R = ma R 


(22.5 kg) (1.408 m/s 2 ) = 31.68N * 


31.7N 


36. Find the centripetal acceleration from Eq. 5-1 

a,=v‘/r = (S2Sm / s / =(57.42 m/sf 
* 4.80 xlO 3 m V \ 


1 g 


9.80 m/s' 


5.86 g's 


37 


We assume the water is rotating in a vertical circle of radius r. When the bucket 
is at the top of its motion, there would be two forces on the water (considering 
the water as a single mass). The weight of the water would be directed down, 
and the normal force of the bottom of the bucket pushing on the water would 
also be down. See the free-body diagram. If the water is moving in a circle, 
then the net downward force would be a centripetal force. 

^ F = F n + mg = ma = m v 2 /r — > F N = m (v 2 /r - g) 



\ 


The limiting condition of the water falling out of the bucket means that the water loses contact with 
the bucket, and so the normal force becomes 0. 

F n = m (v 2 /r - g) -> m (v 2 itical /r - g) = 0 -> v critical = ^ 

From this, we see that | yes , it is possible to whirl the bucket of water fast enough. The minimum 

speed is 




38. The centripetal acceleration of a rotating object is given by a R = v 2 /r . 

v = = ^(l.25x!0 5 g)r = ^(l.25xl0 5 )(9.80m/s 2 )(8.00xl0 _2 m) = 3.13xl0 2 m/s . 


(3.13xl0 2 m/s) 


1 rev 


2^(8.00xl0 -2 m) 


60 s 
1 min 


3.74 x 10 4 rpm 


39. For an unbanked curve, the centripetal force to move the car in a circular path must 
be provided by the static frictional force. Also, since the roadway is level, the 
normal force on the car is equal to its weight. Assume the static frictional force is 
at its maximum value, and use the force relationships to calculate the radius of the 
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curve. See the tree-body diagram, which assumes the center of the curve is to the right in the 
diagram. 




m 


v 2 /r = M s F u =M, 


mg 


r = v 2 /v s g = 


(30km/h) 


lm/s 

3.6km/h 


(0.7) (9.80 m/s 2 ) 


• = 28m 


30m 


40. 


At the top of a circle, a free-body diagram for the passengers would be as 
shown, assuming the passengers are upside down. Then the car’s normal 
force would be pushing DOWN on the passengers, as shown in the diagram. 
We assume no safety devices are present. Choose the positive direction to 
be down, and write Newton’s second law for the passengers. 

^ F = F n + mg = ma = m v 2 / r — > F N = m (v 2 /r - g ) 



We see from this expression that for a high speed, the normal force is positive, meaning the 
passengers are in contact with the car. But as the speed decreases, the normal force also decreases. If 
the normal force becomes 0, the passengers are no longer in contact with the car - they are in free 
fall. The limiting condition is as follows. 


J r ~s = o 


yfrg = ^((9. 80 m/s 2 ) (7. 6 m) 


8.6m/s 


41. A free-body diagram for the car is shown. Write Newton’s second law for the car 
in the vertical direction, assuming that up is positive. The normal force is twice 
the weight. 

= F n - mg = ma — > 2 mg - mg = m v 2 /r — > 


= sfg = = 30.5 lm/s « 3 lm/s 



42. 


In the free-body diagram, the car is coming out of the paper at the reader, and the 
center of the circular path is to the right of the car, in the plane of the paper. The 
vertical forces (gravity and normal force) are of the same magnitude, because the 
car is not accelerating vertically. We assume that the force of friction is the force 
causing the circular motion. If the car has its maximum speed, it would be on the 
verge of slipping, and the force of static friction would be at its maximum value. 



F r = F fr -» m v 2 / r = /iF N = jumg -» JU, = ~ 

>g 


(95 km/hr) 


lm/s 


3.6 km /hr 


(85 m) (9.80m/ s 2 ) 


0.84 


Notice that the result is independent of the car’s mass. 


43. The orbit radius will be the sum of the Earth’s radius plus the 400 km orbit height. The orbital 
period is about 90 minutes. Find the centripetal acceleration from these data. 


r = 63 80 km + 400 km = 6780 km = 6.78 x 1 0 6 m 
4 n 2 r 4;r(6.78xl0 6 m) 


(5400 sec) 2 


(9.18m/s 2 ) 


T = 90 min 

1 g 


60 sec 
1 min J 


= 5400 sec 


^9.80m/s' j 


= 0.937 


0.9 g's 
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Notice how close this is to g, because the shuttle is not very far above the surface of the Earth, 
relative to the radius of the Earth. 


44. (a) At the bottom of the motion, a tree-body diagram of the bucket would be as 
shown. Since the bucket is moving in a circle, there must be a net force on it 
towards the center of the circle, and a centripetal acceleration. Write 
Newton’s second law for the bucket, with up as the positive direction. 

7 , F b = F t - mg = ma = m v 2 / r — » 


lr(F T -mg ) _ /(l - 10 m)[25.0 N-(2.00 kg) (9.80 m/s 2 )] _ 

V m \ 2.00 kg 

( b ) A tree-body diagram of the bucket at the top of the motion is shown. Since the 
bucket is moving in a circle, there must be a net force on it towards the center 
of the circle, and a centripetal acceleration. Write Newton’s second law for the 
bucket, with down as the positive direction. 

2/ v H F r +m s) 



= 1.723 « 1.7 m/s 


2 X =F 1 +mg = 


ma = mv r — > v = 


If the tension is to be zero, then 

lr(0 + mg ) _ r—_ 


V^ = J( i-io m )( 9 . 80 m/s 2 ) = 1 3.28 m/s | 


The bucket must move faster than 3.28 m/s in order for the rope not to go slack. 


45. The free-body diagram for passengers at the top of a Ferris wheel is as shown. 

F n is the normal force of the seat pushing up on the passenger. The sum of the 
forces on the passenger is producing the centripetal motion, and so must be a 
centripetal force. Call the downward direction positive, and write Newton’s 
second law for the passenger. 

7 F r = mg - F n = ma = m v 2 / r 

Since the passenger is to feel “weightless,” they must lose contact with their seat, and so the normal 
force will be 0. The diameter is 22 m, so the radius is 1 1 m. 

mg-mv 2 /r — > v = -sfgr = ^/(9.80m/s 2 )(llm) =10.38m/s 



2;r(llm) J/l 



46. To describe the motion in a circle, two independent quantities are needed. The radius of the circle 
and the speed of the object are independent of each other, so we choose those two quantities. The 
radius has dimensions of [L] and the speed has dimensions of [L/T]. These two dimensions need 

to be combined to get dimensions of [l/t 2 /. The speed must be squared, which gives [L‘/t 2 /, 

a K = v 2 / r is a possible form for the centripetal 
acceleration. Note that we are unable to get numerical factors, like ^ or |, from dimensional 
analysis. 


and then dividing by the radius gives [e/t 2 J . So 
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(b) 


The net force must be centripetal, to make the pilot go in a circle. Write Newton’s second 
law for the vertical direction, with up as positive. The normal force is the apparent weight. 

=F n ~mg = mv 2 /r 

The centripetal acceleration is to be v 2 /r = 6.0g. 

F n = mg + m v 2 /r = 7 mg = 7 (78 kg)(9.80m/s 2 ) = 5350 N = 5400 N 


(c) 


See the tree-body diagram for the pilot at the top of the loop. Notice that 
the normal force is down, because the pilot is upside down. Write Newton’s 
second law in the vertical direction, with down as positive. 

y F ]( = F N + mg = m v 2 / r = 6mg — > F N = 5 mg = 3800 N 



48. To experience a gravity-type force, objects must be on the inside of the outer 
wall of the tube, so that there can be a centripetal force to move the objects in 
a circle. See the tree-body diagram for an object on the inside of the outer 
wall, and a portion of the tube. The normal force of contact between the 
object and the wall must be maintaining the circular motion. Write 
Newton’s second law for the radial direction. 

Yj F r =F n =ma = mv 2 1 r 

If this is to have the same effect as Earth gravity, then we must also have that 
F s = mg. Equate the two expressions for normal force and solve for the speed 



(73.42 m/s) 


= mg — » v - 

: V^- = V( 

1 rev ^ 

f 86,400 s 

/2;r(550m) y 

lid 


= 1836rev/d= 1.8xl0 3 rev/d 


|49.| The radius of either skater’s motion is 0.80 m, and the period is 2.5 sec. Thus their speed is given by 

v = 2 nr/ T = — — = 2.0 m/s . Since each skater is moving in a circle, the net radial force on 

2.5 s 

each one is given by Eq. 5-3. 

(60.0 kg)(2.0m/s) 


F r - mv 2 / r = ■ 


0.80 m 


3.0x10 N 


50. A tree-body diagram for the ball is shown. The tension in the 

suspending cord must not only hold the ball up, but also provide the 
centripetal force needed to make the ball move in a circle. Write 
Newton’s second law for the vertical direction, noting that the ball is 
not accelerating vertically. 


^ F = F t sin 9 - mg = 0 — > F T = — 


mg 


sin 9 
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The force moving the ball in a circle is the horizontal portion of the tension. Write Newton’s second 
law for that radial motion. 

7, #, = F t cost? = ma R = mv 2 jr 

Substitute the expression for the tension from the first equation into the second equation, and solve 
for the angle. Also substitute in the fact that for a rotating object, v = 2 nr/T . Finally we recognize 
that if the string is of length /, then the radius of the circle is r = / cos 0. 

An 2 mr An 2 m£ cos # 


mg mv 

F r cos # = cos # = 


sin # 


T 1 


sin# = 


gT- 

An 2 £ 


— » # = sin 


gT- 


An 2 £ 


= sin 


T 2 

, ( 9-80 




m/s 


) (0.500 s) 2 


An 2 (0.600 m) 


5.94° 


The tension is then given by F r = 


mg _ (0.150 kg) (9.80m/s 2 ) 


sin# 


sin 5.94° 


14.2 N 


5 1 . The force of static friction is causing the circular motion - it is the centripetal 
force. The coin slides off when the static frictional force is not large enough to 
move the coin in a circle. The maximum static frictional force is the coefficient 
of static friction times the normal force, and the normal force is equal to the 
weight of the coin as seen in the free-body diagram, since there is no vertical 
acceleration. In the free-body diagram, the coin is coming out of the paper and 
the center of the circle is to the right of the coin, in the plane of the paper. 



The rotational speed must be changed into a linear speed. 


v = 


35.0 


rev 


mm 


r 1 min 
v 60 s 


f 2n (0.120 m) 


1 rev 


= 0.4398 m/s 


F r = F tr m v 7 r = Mfs = Mmg M, = 


(0.4398 m/s) 2 


rg (0.120m)(9.80m/s 2 ) 


0.164 


52. For the car to stay on the road, the normal force must be greater 
than 0. See the free-body diagram, write the net radial force, and 
solve for the radius. 


F r = mg cos # -F n = 


mv 


— » r — 


mv 


r mg cos # — Fjj 

For the car to be on the verge of leaving the road, the normal force 


mv 


- . This expression 


would be 0, and so r critical = 

mg cos # g cos # 
gets larger as the angle increases, and so we must evaluate at the 
largest angle to find a radius that is good for all angles in the range. 


95 km/h 


f lm/s V2 


3.6km/h 


maximum 


geos# 

<-> m 


(9.80m/s 2 )cos 22° 


77 m 
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53. (a) A free-body diagram of the car at the instant it is on the top of the hill is 
shown. Since the car is moving in a circular path, there must be a net 
centripetal force downward. Write Newton’s second law for the car, with 
down as the positive direction. 

y F„ = mg - F n — ma = m v 2 / r — > 



/\ = m ( g - 1 


(g-v 2 /r) = (975kg) f9.80m/s 2 _ ( 12 ' 0m / s ) 
V ) ««.0m 


= 

7960 N 

y 



(. b ) The free-body diagram for the passengers would be the same as the one for the car, leading to 
the same equation for the normal force on the passengers. 


F N ~ m (g~ v V r ) = (72.0kg) 9.80 m/s 2 - 


(l2.0m/s) 
88.0m 


2 h 


588 N 


Notice that this is significantly less than the 700-N weight of the passenger. Thus the passenger 
will feel “light” as they drive over the hill. 

(c) For the normal force to be zero, we must have the following. 

F n = m (g - v 2 /r) = 0 — > g = v 2 /r — > v = *Jgr = ^(9.80m/s 2 )(88.0m) = 29.4m/s 


54. If the masses are in line and both have the same frequency of 
rotation, then they will always stay in line. Consider a free- 
body diagram for both masses, from a side view, at the 
instant that they are to the left of the post. Note that the same 
tension that pulls inward on mass 2 pulls outward on mass 1 , 
by Newton’s third law. Also notice that since there is no 
vertical acceleration, the normal force on each mass is equal 
to its weight. Write Newton’s second law for the horizontal 
direction for both masses, noting that they are in uniform circular motion. 

~ F ta ~ F tb — m A a K — m A v A j ' r A F rb ~ F TB — m B a B — m B v B /. 


Fnb| 

F 

F 


F 

a NA _ 



r TB 

r TB 



X TA 


Mb 


rn A 


" ? B g 

m 



The speeds can be expressed in terms of the frequency as follows: v - f 

V sec J 


^ rev 'if 2nr ^ 


1 rev 


= 2 nrf. 


F TB = m B V l/ r B = m B ( 2 ^ r B /)7 r B = 4 ^ 2 "Vb / 


F JK = F 1B + m A V l/ r A = 4 ^"Vb/ 2 + m A ( 2 ^a/) 2 Aa = 4 ^ 2 / 2 { m A r A + "N'b ) 


55.| A free-body diagram of Tarzan at the bottom of his swing is shown. The upward 
tension force is created by his pulling down on the vine. Write Newton’s second law 
in the vertical direction. Since he is moving in a circle, his acceleration will be 
centripetal, and points upward when he is at the bottom. 


y F = F t — mg = ma = m v 2 / r — > v = , 


( F r -m. 


] g)> 


m 



The maximum speed will be obtained with the maximum tension. 


v__ - 


l( F Tmax ~ m g) r 1 

(1350 N- 

(78 kg) 

(9.80m/s 2 ) 

j 5.2 m | 


6.2 m/s 

m v 

78 kg 
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56. 


The fact that the pilot can withstand 9.0 g’s without blacking out, along with the 
speed of the aircraft, will determine the radius of the circle that he must fly as he 
pulls out of the dive. To just avoid crashing into the sea, he must begin to form 
that circle (pull out of the dive) at a height equal to the radius of that circle. 


= v 2 jr = 9.0g 


v 2 (310m/s) 2 
9.0g ~ 9.0 (9.80 m/s 2 ) 


= 1.1x10 m 



57. (a) We are giventhat x = (2.0m)cos(3.0rad/s t) and y = (2.0m)sin(3.0rad/s t ) . Square both 
components and add them together. 

x 2 + y 1 = [(2.0m)cos(3.0rad/s ?)]' + [(2.0m) sin (3.0 rad/s ?)]' 

= (2.0m)' /cos 2 (3.0rad/s t ) + sin 2 (3.0rad/s t)/j = (2.0m)' 

This is the equation of a circle, x 2 + y 1 = r ~ , with a radius of 2.0 m. 

( b ) v = (-6.0m/s)sin(3.0rad/s t)i + (6.0m/s)cos(3.0rad/s t) j 

a = (-18 m/s 2 ) cos (3.0 rad/s t)i + (-18m/s 2 )sin(3.0rad/s t ) j 

(c) v = J? x + v 2 v = sj[(~6.0 m/s) sin (3.0 rad/s t)]~ + [(6.0m/s)cos(3.0rad/s t)]~ = 6.0 m/s 

a = yja 2 + a 2 v = ^/(-18m/s 2 )cos(3.0rad/s ?)// + /(-18m/s 2 )sin(3.0rad/s t)/j = 18m/s 2 

v 2 (6.0 m/s)' / , 

(d) — = = 18m/s'=a 

r 2.0 m 

(e) a = (-18 m/s 2 ) cos (3.0 rad/s t)i + (-18 m/s 2 ) sin (3.0 rad/s t ) j 

= (-9.0/s 2 ) /2.0 m cos (3.0 rad/s t) i + 2.0msin(3.0rad/s t) j/j = (9.o/s 2 )(-r) 

We see that the acceleration vector is directed oppositely of the position vector. Since the 
position vector points outward from the center of the circle, the acceleration vector points 
toward the center of the circle. 


58. Since the curve is designed for 65 km/h, traveling at a higher speed with the same radius means that 
more centripetal force will be required. That extra centripetal force will be supplied by a force of 
static friction, downward along the incline. See the free-body diagram for the car on the incline. 
Note that from Example 5-15 in the textbook, the no-friction banking angle is given by the 
following. 


9 = tan 1 — = tan 1 


(65 km/h) 


1.0 m/s 
3.6 km/h 


(85m)(9.80m/s 2 ) 


= 21.4° 


Write Newton’s second law in both the x and y directions. The car will have no acceleration in they 
direction, and centripetal acceleration in the x direction. We also assume that the car is on the verge 
of skidding, so that the static frictional force has its maximum value of F f . = ju s F N . Solve each 
equation for the normal force. 

y) F = F n cos 9 - mg - F fr sin 6 ~ 0 — > F N cos 9 - fiF ’ N sin 9 = mg —> 
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Fn= m 

(cos 9- ju s sin#) 


y F x = F n sin # + F fr cos # = F R = mv 2 jr — > F H sin 6 + ju, F N cos 6 = mv 2 jr — > 


^N=' 


mv r 


(sin# + /y cos#) 

Equate the two expressions for F N , and solve for the coefficient of friction. The speed of rounding 


the curve is given by v = (95 km/h) 

2 / 

mg 


^ 1.0 m/s ^ 
v 3.6km/h j 


= 26.39 m/s. 


mv r 


(cos #-// s sin #) (sin# + // 5 cos#) 


— > 


A =7 


( 2 h 

V ' 

— cos#-gsm# 

l r ) 


fv 2 1 

g tan # 

l r J 

{ V 2 1 

gcos# + — sin# 

l r ) 


r v 2 i 

g H tan # 

l r ) 


(26.39m/s) , , n 

V - 9.80 m/s" 

85m V 7 




tan 2 1.4° 


J 


9.80m/s^ (26 ' 39m/s) tan21.4'» 
85 m 


0.33 


59. Since the curve is designed for a speed of 85 km/h, traveling at that speed 
would mean no friction is needed to round the curve. From Example 5- 
15 in the textbook, the no-friction banking angle is given by 


(85 km/h) 


9 = tan 1 — = tan 1 — 

rg 


lm/s 

3.6km/h 


(68m)(9.80m/s 2 ) 


= 39.9 l c 



Driving at a higher speed with the same radius means that more centripetal force will be required 
than is present by the normal force alone. That extra centripetal force will be supplied by a force of 
static friction, downward along the incline, as shown in the first free-body diagram for the car on the 
incline. Write Newton’s second law in both the x and y directions. The car will have no acceleration 
in they direction, and centripetal acceleration in the x direction. We also assume that the car is on 
the verge of skidding, so that the static frictional force has its maximum value of F fr = fi F, t . 

y) F = F n cos 6 - mg - F (r sin 6 - 0 — » F N cos 6 - fl s F N sin 9 = mg — » 




mg 


(cos 9-ju s sin#) 

F r - F n sin 9 + F fi cos 9 - m v 2 /r — > F N sin# + JU S F^ cos 9 = mv 2 /r 




mv r 


(sin# + /i 5 cos#) 

Equate the two expressions for the normal force, and solve for the speed. 

mg 


mv 2 fr 


(sin# + // s cos#) (cos#-// s sin#) 


— > 


v = A>g 


(sin# + cos#) 


(cos#-// s sin#) 


(68 m) (9.80 m/s 2 ) 


(sin39.91° + 0.30cos39.91°) 
(cos39.91° - 0.30sin39.91°) 


= 32 m/s 
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Now for the slowest possible speed. Driving at a slower speed with 
the same radius means that less centripetal force will be required than 
that supplied by the normal force. That decline in centripetal force 
will be supplied by a force of static friction, upward along the incline, 
as shown in the second free-body diagram for the car on the incline. 

Write Newton’s second law in both the x and y directions. The car 
will have no acceleration in they direction, and centripetal 
acceleration in the x direction. We also assume that the car is on the 
verge of skidding, so that the static frictional force has its maximum value of F & = jU s F n . 

y' j F y = F n cos 6 - mg + F b sin # = 0 — > 

mg 

F n cos # + <UF N sin 0 = mg -> F N = r — 

(cos 6 + ju s sm#) 

X F x = F N sin 6 - F fr cos 0 = m v 2 /r — > F N sin 0 - jU s F n cos 6 = m v 2 /r — > 


^N=' 


mv r 


(sin#-//, cos#) 

Equate the two expressions for the normal force, and solve for the speed. 

mg 


mv r 


(sin# -//, cos#) (cos# + ju s sin#) 




(sin 6 - a cos#) , w / (sin39.91° - 0.30cos39.91°) , 

v= irgj ^ f= (68m) (9.80m/ s 2 f = 17m/s 

* ' ^ \ \ / \ ' // 'in nm . n 'in • mn\ ' 


(cos# + jU s sin#) 


(cos 39.91° + 0.30 sin 39.91°) 


Thus the range is 17 m/s < v < 32 m/s , which is 61 km/h < v < 1 15 km/h 


60. (a) The object has a uniformly increasing speed, which means the tangential acceleration is 

constant, and so constant acceleration relationships can be used for the tangential motion. The 
object is moving in a circle of radius 2.0 meters. 


v . + v„ 

tan 0 


Ax. = ■ 

tan 


2Ax. 


2[{(2^r)] ;r(2.0m) 


2 t tan t 2.0S 

( b ) The initial location of the object is at 2.0 mj , and the final location is 2.0 mi. 
r - r 0 2.0 mi - 2.0 mj 


n m/s 


v = ■ 

avg 


1.0m/s(i- j) 


t 2.0s 

(c) The velocity at the end of the 2.0 seconds is pointing in the -j direction. 

-(^m/s)j 


v - v„ 


a = 

avg 


2.0s 


(-^/2m/s 2 )j 


|61.| Apply uniform acceleration relationships to the tangential motion to find the tangential acceleration. 
Use Eq. 2-12b. 


Ax, = v„ t + -fa, r 

tan 0 2 tan 


2 Ax. 


a, = ■ 


2[{(2^r)] ^(2.0m) 

t 2 (2.0s) 2 


= (^/2)m/s 


The tangential acceleration is constant. The radial acceleration is found from a = — ^ = 


(«,a JY 
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(«) «,an = W 2 ) m /s 

(*) a .a„=l 


KnO 2 _ [(V 2 Ws 2 (0s)]~ 


2.0 m 


(#/2)m/s 


(«,a„0 2 _ [(V 2 ) m / s2 ( 1 - 0s )]" 


( C ) «,an = W 2 ) m / ; 


r 2.0 m 


(;r/8)m/s 


2.0 m 


[n 2 


62. (a) The tangential acceleration is the time derivative of the speed, 
c/v c/(3.6 + 1.5t 2 ) 

„ tan \ / 


= 3.0? -j 

dt dt 

( b ) The radial acceleration is given by Eq. 5-1 . 

\2 


v, ! , _ Oy+ryT 


^rad (3.0s) — 


m (3.0s) = 3.0(3.0) = |9.0m/ 
(3.6 + 1.5(3.0) 2 ) 


22 m 


13m/s 


63. We show a top view of the particle in circular motion, traveling clockwise. 
Because the particle is in circular motion, there must be a radially-inward 
component of the acceleration. 

(a) a R = a sin 6 = v 2 / r — > 


v = V ar sin 6 = j(l.l5m/s 2 )(3.80m)sin38.0° = 1.64 m/; 


a r 


( b ) The particle’s speed change comes from the tangential acceleration, 
which is given by a au = a cos 6. If the tangential acceleration is 
constant, then using Eq. 2- 12a, 


\ “ R 

\ 

\ 

\ 


v, - v„ , = a, t 

tan U tan tan 


Ean = v 0 tan + «,a J = 1 -64 m/s + ( 1 . 1 5 m/s 2 ) (cos 38.0°) (2.00 s) = 1 3 .45 m/s 

64. The tangential force is simply the mass times the tangential acceleration. 


a T - b + ct — » F T = ma T = 


m 


(b + ct 2 ) 


To find the radial force, we need the tangential velocity, which is the anti-derivative of the tangential 
acceleration. We evaluate the constant of integration so thatv = v 0 at t = 0. 

a T =b + ct 2 — » v T =c + bt + \ct i — » v(0) = c = v 0 — » v T = v 0 + bt + /ct 3 


_ mv T 

^ R 


(v 0 + bt + \ct 2 ) 2 


65. The time constant x must have dimensions of [T] . The units of m are [M] . Since the expression 
bv is a force, we must have the dimensions of b as force units divided by speed units. So the 

Force units 


dimensions of b are as follows: 


[m][l/t 2 ] 

"m" 

[L/T] 

_ T _ 


. Thus to get dimensions of 


[T] , we must have r = m/b\. 
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66. (a) The terminal velocity is given by Eq. 5-9. This can be used to find the value of b. 

mg _ (3xl0~ 5 kg)(9.80m/s 2 ) 

b ^ 


V -> b = ^ = 


■ = 3.27 xl0~ 5 kg/s = 3xl0~ 5 kg/s 


v T (9 m/s) 

(b) From Example 5-17, the time required for the velocity to reach 63% of terminal velocity is the 
time constant, r = m/b. 

m 3xlCT 5 kg 
~ b~ 3.27 x 1(T 5 kg/s 


0.917 s = jfsj 


|67.| (a) We choose downward as the positive direction. Then the force of gravity is in the positive 
direction, and the resistive force is upwards. We follow the analysis given in Example 5-17. 

F t. dv b 

E net = mg - bv - ma — > a - — = z 

dt 


b f mg ^ 


dv 


-dt 


dv 


v - - 


mg m 


v o v — - 


mg m 


m 

m v 

b ) 

t 

f dt - 

-» In 

1 

1 

II 
1 

J 

0 


L b J 


m 


In 


mg 


mg 

b 


mg 


_b_ 

m 


b 

1 


mg 

b 


= e 



= mg/b . 


Note that this motion has a terminal velocity of v te 

( b ) We choose upwards as the positive direction. Then both the force of gravity and the resistive 
force are in the negative direction. 

dv b 

F net = -mg - bv = ma 


a = — = ~g— v = 

dt m m 


b f mg ^ 


dv 


b 

- dt 


dv 


b r 


V + 


mg m 


v + 


mg m 


v T 

V b j 


t 

I ' dt 

■> In 

mg 
v + 

J 

0 


L b J 


_b_ t 

m 


In 


v + 


mg 


% + 


mg 


_b_ 

m 


v + 


mg 
b _ 


v o + 


mg 


After the object reaches its maximum height 


v = 


mg 


e m -1 


+ v 0 e 


m 


r kYI 

t . = — 

In 

1 + 

rise » 

b 


l mg )_ 


at which point the speed 


will be 0, it will then start to fall. The equation from part (a) will then describe its falling 
motion. 


68. The net force on the falling object, taking downward as positive, will be ^ F = mg - bv 1 = ma. 
(a) The terminal velocity occurs when the acceleration is 0. 
mg - bv 2 = ma — > mg - bv\ =0 — » 


= si mg/b 


I mg mg (75 kg) (9. 80 m/s') 

(*) v t = a/w > b = — = 

b v T (60 m/s) 


0.2 kg/ 


m 
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(c) The curve would be qualitatively like Fig. 5-27, because the speed would increase from 0 to the 
terminal velocity, asymptotically. But this curve would be ABOVE the one in Fig. 5-27, 
because the friction force increases more rapidly. For Fig. 5-27, if the speed doubles, the 
friction force doubles. But in this case, if the speed doubles, the friction force would increase 
by a factor of 4, bringing the friction force closer to the weight of the object in a shorter period 
of time. 


69. (a) 


See the free-body diagram for the coasting. Since the bicyclist has a 
constant velocity, the net force on the bicycle must be 0. Use this to 
find the value of the constant c. 

y F = mg sin 6- F D = mg sin 0-cv 2 = 0 —> 


c = 


mg sin 6 _ (80.0kg)(9.80m/s 2 )sin7.0° 


9.5km/h 


lm/s 

3.6km/h 


= 13.72 kg/m 


14 kg/ 


m 



(b) 


Now another force, F p , must be added down the plane to represent 

the additional force needed to descend at the higher speed. The 
velocity is still constant. See the new free-body diagram. 

y/E = mg sin 6 + F ? - F D = mg sin 9 + F p - cv 1 = 0 — > 

F p = cv 2 - mg sin 6 



= (13.72 kg/m) 


25km/h 


' lm/s N 
v 3.6km/h y 


(80.0kg)(9.80m/s 2 )sin7.0° = 


570N 


70. (a) The rolling drag force is given as F m ~ 4.0 N. The air resistance drag force is proportional to 
v 2 , and so F D1 = bv 2 . Use the data to find the proportionality constant, and then sum the two 
drag forces to find the total drag force. 


F D2 = bv 


1.0N = b (2.2 m/s) 2 


b = 


1.0N 


(2.2 m/s)' 


= 0.2066kg/m 


F = F +F = 

± D ± D1 1 x D2 


(4.0 + 0.21v 2 )n 


( b ) See the free-body diagram for the coasting bicycle and rider. Take 
the positive direction to be down the plane, parallel to the plane. 
The net force in that direction must be 0 for the bicycle to coast at a 
constant speed. 

= mg sin 6 - F n = 0 — » mg sin 6 = F n — » 


p 

n • -1 1 d • -1 

6 - sin — — = sin 


(4.0 + 0.2066v 2 ) 


= sm 


mg mg 

i (4.0N + (0.2066kg/m)(8.0m/s) 2 ) 


(78 kg) (9.80 m/s 2 ) 


1.3° 
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flJp- 

71. From Example 5-17, we have that v = 

b 


and acceleration expressions 
dv mg 


( 




\-e m 

V J 


. We use this expression to find the position 


a = ■ 


dt 
dx 

v = — — > dx = vdt 
dt 


f b h 

— t 

f b l 


b 

1 

—e m 



ge m 

v J 

V tn) 




| dx = | v dt = | 


b X 


1-e 


x = 


mg mg m — > 
— t + ——e m 
b b b 



dt 


72. We solve this problem by integrating the acceleration to find the velocity, and integrating the 
velocity to find the position. 


i dv dv b i 

F = —bv- = ma = m — — > — = v 2 

dt dt m 


dv b , 
— = dt 


m 


dv b \ 

I — = \dt 

* ..7 m * 


2v T - 2v 2 = 1 


m • 


dx f 
dt 


x = ■ 


V 

2 m 
3b 
...f 


bt 

2m 


dx = 


bt 

2m j 


m 


dt 


v = 


bt 

2m 


1^ = 1 


bt 

2 m j 


dt 


Vi bt} 

3 

3 

2 m 

3 i 

f i bt ^ 

3 

1 2m) 

-V 2 
1 0 

~ 3b 

v 2 - 
0 1 




f 


i 2.2 , 3.3 X 



, bt i bY Ft 

v 0 2 - 3v 0 + 3v 2 — — 

^ 2m 4 m~ 8>n j j 


2 m 
3b 


, 2.2 , 3.3 X 


i i bt i hr Ft 
v 0 2 - v 2 + 3v 0 3v 2 + — - 

y 2m 4 m" 8 m j 



fi bt} 

2 

vlb , F , 

73. From problem 72, we have that v = 

v 2 

l ° 2m j 

and x = 

v 0 t-—r + p 

l 2m 12 m~ 


. The maximum 


distance will occur at the time when the velocity is 0. From the equation for the velocity, we see that 
2 mvl 


happens at t = 


-. Use this time in the expression for distance to find the maximum distance. 


At = U = v?f--f- 

b 2 m 


2 mvl 




+ - 


1 2m 


2 mvl ^ 


2 mv 2 2 mv" 0 2 wv 0 2 
b b 3b 


2 mvl 


3b 


74. The net force is the force of gravity downward, and the drag force upwards. Let the downward 

direction be positive. Represent the value of l.OOx 10 4 kg/s by the symbol b, as in Eq. 5-6. 

Vc j-, , dv dv b 

/ t = mg -r A = mg - bv = ma = m — — > — = g v — > 

dt dt m 
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t> , r dv b f , , mg b 

= dt — > = — > In v In v n = 

™ J mv J u u A 


mg m 


v - m g m 0 

b 


Solve for t, and evaluate at v = 0.02v„. 


In 0.02v -— -In v„- — 


lnfo.02(5.0m/s)- (75kg )( 9 - 8 4 0m / s2 ) V4 (5.0 tn/s) - ( 75k g)(^ 0 ^ 
1.00x10 kg/s I 1.00x10 kg/s 


-(l.OOxlO 4 kg/s)/(75kg) 


= 3.919x10 s « 3.9x10 s 


75. The only force accelerating the boat is the drag force, and so Newton’s second law becomes 

2 > = -bv = ma. Use this to solve for the velocity and position expressions, and then find the 

distance traveled under the given conditions. 

dv dv b r dv b \ v b 

F = -bv = ma = m — — > — = v — > I — = I dt — > In — = 1 — > 

dt dt m J v m „ v n m 


Note that this velocity never changes sign. It asymptotically approaches 0 as time approaches 
infinity. Apply the condition that at t = 3.0 s the speed is v = \ v 0 . 


v{t = 3.0) = v 0 e m ={v 0 


b In 2 
m 3.0s 


Now solve for the position expression. The object will reach its maximum position when it stops, 
which is after an infinite time. 


v = — = v„e 


b x t b 

dx = v 0 e dt — > | dx = | v 0 e m dt 


f b \ f b \ 

m — ' m — » , x m , , . 3.0s 

x = -v 0 — e m -1 = v 0 — \-e m — > x{t = °°) = v 0 — = (2.4m/s) = 10.39m=10m 

b{ b{ b In 2 


76. A tree-body diagram for the coffee cup is shown. Assume that the car is moving to 
the right, and so the acceleration of the car (and cup) will be to the left. The 
deceleration of the cup is caused by friction between the cup and the dashboard. For F fr 
the cup to not slide on the dash, and to have the minimum deceleration time means ■+ — . 

the largest possible static frictional force is acting, so F fr = ,u F/ . The normal force 

on the cup is equal to its weight, since there is no vertical acceleration. The 
horizontal acceleration of the cup is found from Eq. 2- 12a, with a final velocity of zero. 

v =(45km/h) — — =12.5m/s 

1 3.6 km/h J 


v - v 0 = at 


v-v„ 0-12.5 m/s 


= -3.57 m/s 
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Write Newton’s second law for the horizontal forces, considering to the right to be positive. 

a_ (-3.57 m/s 2 ) 


H F x =-F b = 


ma 


ma = -JUF = -umg 


g 9.80 m/s 2 


0.36 


77. Since the drawer moves with the applied force of 9.0 N, we assume that the maximum static 

frictional force is essentially 9.0 N. This force is equal to the coefficient of static friction times the 
normal force. The normal force is assumed to be equal to the weight, since the drawer is horizontal. 


F h = M.F n = ft mg 


Ms = 


F 


9.0N 


mg (2.0kg) (9.80m/s 2 ) 


0.46 


78. See the free-body diagram for the descending roller coaster. It starts its 


descent with v 0 = (6.0km/h) 


^ 1 m/s ^ 


3.6 km/h 


= 1 .667 m/ s . The total 


displacement in the x direction is x - x 0 = 45.0 m. Write Newton’s second 
law for both the x and y directions. 

Yj F y =F^~ mg cos8 = 0 F N = mg cos8 

F = ma = mg sin 8 - F fr = mg sin 8 - fi k F n = mg sin 8 - jU k mg cos 8 
mg sin 8 - ju k mg cos 8 


a = 


m 


= g(sm8 - n k cos 8) 


Now use Eq. 2- 12c to solve for the final velocity. 


— > 


v 2 - v 2 = 2a (x - x 0 ) 

■Jvl + 2a(x-x 0 ) = tJvI + 2g (sine - ju k cos<9)(x-x 0 ) 


v = 


= J(1 .667 m/s) 2 + 2 (9.80 m/s 2 ) [sin45° - (0. 12) cos45°] (45.0 m) 


= 23.49 m/s = 23 m/s =85 km/h 



|79.| Consider a free-body diagram of the box. Write Newton’s second law for 
both directions. The net force in the y direction is 0 because there is no 
acceleration in they direction. 

y F - F n - mg cos 8 = 0 — » F N = mg cos 8 

y F = mg sin 8 - F fr = ma 

Now solve for the force of friction and the coefficient of friction, 
y F = F N - mg cos 8 = 0 — > F N = mg cos 8 

y F = mg sin 8- F fi = ma 

F fr = mg sin 8-ma = m (gsin/9 -a) = ( 1 8.0 kg) [^(9. 80 m/s 2 ) (sin 37.0°) - 0.220 m/s 2 ^] 
= 102.2 N 



102N 


F ti = M,F k = u.mg cos 8 


Mk 


F 


102.2 N 


mgcosd (18.0 kg) (9. 80 m/s 2 ) cos 37.0° 


0.725 
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80. Since mass m is dangling, the tension in the cord must be equal to the weight of mass m, and so 

F 1 = mg. That same tension is in the other end of the cord, maintaining the circular motion of mass 

M, and so F T = F R = Ma v = M v 2 /r. Equate the expressions for tension and solve for the velocity. 


M y 2 / r = mg — > v= ^ JmgR / M 


81. Consider the free-body diagram for the cyclist in the sand, assuming that the 
cyclist is traveling to the right. It is apparent that F K = mg since there is no 

vertical acceleration. Write Newton’s second law for the horizontal direction, 
positive to the right. 

YjF x = ~F lr = ma -> - Mi, mg = ma -> a = -u.g 
Use Eq. 2- 12c to determine the distance the cyclist could travel in the sand 
before coming to rest. 

-v 0 2 (20.0m/s) 


v 2 - v 2 = 2a (x - x 0 ) — » (x-x 0 ) = 


2 2 

V -v 0 



2 a -lM k g 2 (0.70) (9.80 m/s 2 ) 


= 29 m 


Since there is only 15 m of sand, the cyclist will emerge from the sand . The speed upon emerging is 
found from Eq. 2- 12c. 

v 2 - v 2 = 2a (x - x 0 ) — » 


v = 


^/v 2 + 2a(x- x 0 ) = yjv 2 - 2 Mkg{ x ~ x o) = ^(20.0m/s)‘ - 2(0.70) (9.80 m/s 2 )(l5m) 


14 m/s 


82. Consider the free-body diagram for a person in the “Rotor-ride.” F N is the 
normal force of contact between the rider and the wall, and F ft is the static 

frictional force between the back of the rider and the wall. Write Newton’s 
second law for the vertical forces, noting that there is no vertical acceleration. 

X F y = F fr ~ m § = 0 -> F „ = mg 
If we assume that the static friction force is a maximum, then 
F fr = Ffn = mg -> F k = m g/ M s • 

But the normal force must be the force causing the centripetal motion - it is the 

only force pointing to the center of rotation. Thus F R -F N - mv 2 jr . Using v = Inr/T , we have 

Ajimr 

F n = — . Equate the two expressions for the normal force and solve for the coefficient of 

friction. Note that since there are 0.50 rev per sec, the period is 2.0 sec. 



f n =- 


An mr 


mg 

M s 


-> M s = 


g T 2 (9.80m/ s 2 ) (2.0s) 2 


0.18 


r z Ms 4^"r 4r(5.5m) 

Any larger value of the coefficient of friction would mean that the normal force could be smaller to 
achieve the same frictional force, and so the period could be longer or the cylinder radius smaller. 

There is no force pushing outward on the riders. Rather, the wall pushes against the riders, so by 
Newton’s third law, the riders push against the wall. This gives the sensation of being pressed into 
the wall. 
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83. The force is a centripetal force, and is of magnitude 1 A5mg. Use Eq. 5-3 for centripetal force. 

2 

F = m — = 1 A5mg — > v = ^7A5q 
r 


jlA5 (l 1.0m) 

(9.80m/s 2 ) 

I = 28.34m/s = 

28.3m/s 


(28.34 m/s) x 


lrev 


2^(ll.0m) 


0.4 10 rev/s 


84. The car moves in a horizontal circle, and so there must be a net horizontal 
centripetal force. The car is not accelerating vertically. Write Newton’s 
second law for both the x and y directions. 

2> v = F n cos# - mg = 0 -» F n = — 

cos # 

Z ^ = Z F r = F n sin # = ma x 
The amount of centripetal force needed for the car to round the curve is as follows. 



F r = mv 2 fr - (1250 kg) 


(85 km/h) 


^ 1.0 m/s ^ 
v 3.6km/h j 


- 9.679x10 N 


72 m 

The actual horizontal force available from the normal force is as follows. 

F n sin# = — — sin# = mgt&ad = (l250kg)(9.80m/s 2 )tanl4° = 3.054xl0 3 N 
cos# ° v ; 

Thus more force is necessary for the car to round the curve than can be 
supplied by the normal force. That extra force will have to have a 
horizontal component to the right in order to provide the extra centripetal 
force. Accordingly, we add a frictional force pointed down the plane. 

That corresponds to the car not being able to make the curve without 
friction. 

Again write Newton’s second law for both directions, and again they 
acceleration is zero. 

mg + F b sin # 



Z F y - F n cos # - mg - F fr sin # = 0 F N = ■ 
y/ F = F n sin # + F fr cos # = m v 2 /r 


cos# 


Substitute the expression for the normal force from the y equation into the x equation, and solve for 
the friction force. 

mg + F r sin# . „ ,/ / . , „ , v 2 

sm# + F ft cos# = m v/r — > [mg + F {i sm#)sm# + F fi cos’ # = m — cos# 

cos# ' r 


F [r = m — — cos # — mg sin # = ^9.679x10 3 n)cos14° - (1250 kg) (9.80 m/s 2 ) sin 14° 


= 6.428x10 N 
So a frictional force of 


6.4 x 10 3 N down the plane is needed to provide the necessary centripetal 


force to round the curve at the specified speed. 
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85.| The radial force is given by Eq. 5-3. 

v 2 , , (27 m/s)" 

f R=m - = (H50kg)i— J-L 
r 450 m/s 


= 1863N 


1900N 


The tangential force is the mass times the tangential acceleration. The tangential acceleration is the 
change in tangential speed divided by the elapsed time. 

Av t 


F t = ma T = m ■ 


A t 


, . (27 m/s) 

= (l 150 kg) -A- - 3450N 

v ' (9.0s) 


3500N 


y 


climber 


mg 


86. Since the walls are vertical, the normal forces are horizontal, away 
from the wall faces. We assume that the frictional forces are at 
their maximum values, so F fi = ju. F^ applies at each wall. We 

assume that the rope in the diagram is not under any tension and p 
so does not exert any forces. Consider the tree-body diagram for 
the climber. F NR is the normal force on the climber from the right 

wall, and F,„ is the normal force on the climber from the left wall. The static frictional forces are 
F frL = M sL F nl anc * C/k = jU sR F nr . Write Newton’s second law for both the x and y directions. The 
net force in each direction must be zero if the climber is stationary. 

= F NL- F NR = 0 i 7 NL= F NR 'L F y =F fiL +F f<R- m g = 0 

Substitute the information from the x equation into the y equation. 


F frL + F frK = W S “> AJkL + ^R F NR = ™g “> 0,L + M, R ) ^NL = ™g 

mg (70.0 kg) (9.80 m/s 2 ) 


^NL = 




1.40 


= 4.90xl0~N 


And so 


F = F =4 90xl0‘N 

J NL 'NR -r.sv/siv in 


These normal forces arise as Newton’s third law reaction forces 


to the climber pushing on the walls. Thus the climber must exert a force of at least 490 N against 
each wall. 


87. The mass would start sliding when the static frictional force was not 
large enough to counteract the component of gravity that will be 
pulling the mass along the curved surface. See the free-body diagram, 
and assume that the static frictional force is a maximum. We also 
assume the block has no speed, so the radial force must be 0. 

Z Radial = F N~ mg COS 0 -> F n = mg cos (/) 

Z Agential = mg sin 0 - -> F fr = ™g sin 0 


F tr = FA, = M.mg cos </> = mg sin < 


M b = tarn 


= tan 1 fi s = tan 1 0.70 = 35° 



88. (a) Consider the free-body diagrams for both objects, initially stationary. As sand is added, the 

tension will increase, and the force of static friction on the block will increase until it reaches its 
maximum of F fi = /y . Then the system will start to move. Write Newton’s second law for 

each object, when the static frictional force is at its maximum, but the objects are still 
stationary. 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

153 









Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


T.F, 


t =m 1 g-F T =0 
= F N -m 2 g=0 


F t = m { g 
F n = m iS 


y.2 


H v = F r - F, =0 

x block 1 tr 


F t = F * 


Equate the two expressions for tension, and substitute in the expression for 
the normal force to find the masses. 

m lg = F fr -» m ]g = juF n = jum 2 g 

m l = JU s m 2 = (0.45) (28.0kg) = 12.6kg 

Thus 12.6kg - 2.00 kg = 10.6kg « 1 1kg of sand was added. 


f 1 

*2 




F t ^ 






myg 


(b) 


The same free-body diagrams can be used, but now the objects will 
accelerate. Since they are tied together, a , = a x2 = a. The frictional force is 

now kinetic friction, given by F fr = ju k F N = M k m 2 g. Write Newton’s second 
laws for the objects in the direction of their acceleration. 

X F y bucket = 8 ~ F T= n h a F t= mpg - >F a 

Z F x block =F t - F fr = rn 2 a -> F T = F [r + m 2 a 
Equate the two expressions for tension, and solve for the acceleration. 

»i,g - m x a = p k m 2 g + m 2 a — > 



mig 


(m -// »?,) / / (12. 6kg- (0.32) (28.0kg)) 

= g = (9.80m/s )- — ^ ^Z= 0.88 m/s 


(m l + m 2 ) 


(12. 6kg + 28.0kg) 


89. The acceleration that static friction can provide can be found from the minimum stopping distance, 
assuming that the car is just on the verge of sliding. Use Eq. 2- 12c. Then, assuming an unbanked 
curve, the same static frictional force is used to provide the centripetal acceleration needed to make 
the curve. The acceleration from the stopping distance is negative, and so the centripetal 
acceleration is the opposite of that expression. 

2 2 


v 2 - Vg = 2 a (x - x 0 ) 


2 2 

V -v„ 


* stopping 


2(x-x 0 ) 2(x-x 0 ) 


a R ~ 


2(x-x 0 ) 


Equate the above expression to the typical expression for centripetal acceleration. 


v 

r 


2(x-x 0 ) 


■ = 2 (x - x„) = 


132m 


Notice that we didn’t need to know the mass of the car, the initial speed, or the coefficient of friction. 
90. The radial acceleration is given by a R = v 2 /r. Substitute in the speed of the tip of the sweep hand. 


given by v = 2nr/ T , to get 


4;T/- 


= 


. For the tip of the sweep hand, r =0.015 m, and T= 60 sec. 


4 n 1 r \n~ (0.015 m) 
T 2 ~ (60 s) 2 


1.6x10 4 m/s 2 
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91 


(a) 


The horizontal component of the lift force will produce a centripetal 
acceleration. Write Newton’s second law for both the horizontal and 
vertical directions, and combine those equations to solve for the time 
needed to reverse course (a half-period of the circular motion). Note that 


v 


Z Vertical = C0S 6 = ™g 5 Z horizontal = hft »» 0 = M ~ 

r 


Divide these two equations. 


h ft sin ^ 

F m cos6 


mv 


rmg 


tan 0 = — = ■ 

rg 


7V 
2 n 


g 


2 nv 

gT 



C b ) 


T nv 
2 g tan 0 


n 


(480km/h) 


f 1.0 m/s 
v 3.6km/h y 


(9.80m/s 2 )tan38 c 


55s 


The passengers will feel a change in the normal force that their seat exerts on them. Prior to the 
banking, the normal force was equal to their weight. During banking, the normal force will 

mg 

increase, so that E ornial = = 1.27 mg. Thus they will feel “pressed down” into their seats, 

banking COS 0 

with about a 25% increase in their apparent weight. If the plane is banking to the left, they will 
feel pushed to the right by that extra 25% in their apparent weight. 


92. 


From Example 5-15 in the textbook, the no-friction banking angle is given by 6 - tan 1 The 

Rg 


centripetal force in this case is provided by a component of the normal 
force. Driving at a higher speed with the same radius requires more 
centripetal force than that provided by the normal force alone. The 
additional centripetal force is supplied by a force of static friction, 
downward along the incline. See the free-body diagram for the car on 
the incline. The center of the circle of the car’s motion is to the right of 
the car in the diagram. Write Newton’s second law in both the x and y 
directions. The car will have no acceleration in the y direction, and 
centripetal acceleration in the x direction. Assume that the car is on the 
static frictional force has its maximum value of F {r = jU^F n . 



^ F = F n cos 6 - mg - F fr sin 6 = 0 —> F N cos 0 - jU s F n sin 0 = mg — > 


^ N = ^ 

( cos 0 - fl, sin 0 ) 

Z = F r = F n sin 0 + F fr cos 0 = m v 2 /r — > F N sin 0 + jU s F K cos 0 = m v 2 /r — > 
mv 2 / R 

F n = 

N (sin^ + zr cos6*) 

Equate the two expressions for the normal force, and solve for the speed, which is the maximum 
speed that the car can have. 
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i7iv 2 / R mg 

(sin# + // s cos#) (cos#-// s sin#) 

_ I sin (9 (lT^/tan#) _ |(l + %^.,/ v o ) 

]j g cos6> (l-// s tm6>) "]] (\-ii/jRg) 

Driving at a slower speed with the same radius requires less 
centripetal force than that provided by the normal force alone. The 
decrease in centripetal force is supplied by a force of static friction, 
upward along the incline. See the if ee-body diagram for the car on 
the incline. Write Newton’s second law in both the x and y directions. 
The car will have no acceleration in they direction, and centripetal 
acceleration in the x direction. Assume that the car is on the verge of 
skidding, so that the static frictional force is given by F [r = //, F N . 

Z F - F n cos # - mg + F ft sin # = 0 — > 



F n cos 0 + M.F n sin 6 = mg -» F N = r — 

(cos 0 + jU s sm#) 

Z F x = F r = F n sin 6 - F fr cos 6 = m v 2 / R — » F n sin 6 - jU s F n cos 6 = m v 2 /r 
mv 2 / R 

F n = 

(sin 0 - cos^) 

Equate the two expressions for the normal force, and solve for the speed. 
mv 2 / R mg 

(sin/9-/^ cos/9) (cos# + R s sin#) 

_ I sin# (\- njt&nd) _ ^ |( F s R g! v l ) 

\ ^cos# (l + ju s tan#) °V(l + juv 2 j Rg) 



(!-/UW v o) 

V • v n 

min U -i 1 

(l + Ii/jRg) 


j 

(l + Rgf/Jv 2 ) 

^max 

l 1 -FA \ R g) 


93. (a) Because there is no friction between the bead and the hoop, the 

hoop can only exert a normal force on the bead. See the tree-body 
diagram for the bead at the instant shown in the textbook figure. Note 
that the bead moves in a horizontal circle, parallel to the floor. Thus 
the centripetal force is horizontal, and the net vertical force must be 0. 
Write Newton’s second law for both the horizontal and vertical 
directions, and use those equations to determine the angle #. We also 
use the fact that the speed and the frequency are related to each other, 
by v = 2 n 'fir sin #. 

Z Vertical = F N COS # - /Hg = 0 F^ = ~ ~““~7 

cos# 


Z F rad ia l = F N Sil1 6 = m T ~ = m 
r sin# 


a 2 rl 2 • 2 n 

47T j r sin 6 
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„ . „ mg . An f r sin* # 

sin # = sm 9 - m — > # = 


cos# 


(. b ) 9 - cos 1 


g 


r sin 9 
9.80 m/s 2 


cos 


g 


An-fr 


An-fr 


= cos 


An 1 (2.00Hz)* (0.220m) 


73.6° 


(c) [No | , the bead cannot ride as high as the center of the circle. If the bead were located there, the 
normal force of the wire on the bead would point horizontally. There would be no force to 
counteract the bead’s weight, and so it would have to slip back down below the horizontal to 

g 


balance the force of gravity. From a mathematical standpoint, the expression 


An-fr 


would 


have to be equal to 0 and that could only happen if the frequency or the radius were infinitely 
large. 


94. An object at the Earth’s equator is rotating in a circle with a radius equal to the radius of the Earth, 
and a period equal to one day. Use that data to find the centripetal acceleration and then compare it 
tog. 


4* ! (6.38xl0‘m) 


V 

r 


An 2 r 


R 

g 


(86,400s) 2 


= 0.00344 


1000 


(9.80m/s 2 ) 

So, for example, if we were to calculate the normal force on an object at the Earth’s equator, we 
could not say = F N - mg = 0. Instead, we would have the following. 


Z v v 

F = F s - mg = -m — * F N = mg - m — 


If we then assumed that F fi = mg eB = mg -m — , then we see that the effective value of g is 

r 

2 

geff = g “ — = g - 0-003g = 0.991 g. 
r 


95. A tree-body diagram for the si nk er weight is shown. L is the 
length of the string actually swinging the sinker. The radius of 
the circle of motion is moving is r = L sin 6. Write Newton’s 
second law for the vertical direction, noting that the sinker is 
not accelerating vertically. Take up to be positive. 

mg 

T cos (7 — mg — \j — t r j — 

COS# 


y/ F v = F t cos # - mg = 0 — > F t = 



The radial force is the horizontal portion of the tension. Write 
Newton’s second law for the radial motion. 

^ F r = F t sin # = ma R = m v 2 / r 

Substitute the tension from the vertical equation, and the relationships r = L sin # and v = 2 nr/ T . 

gT 2 


F t sin # - m v 2 / r — » 


, -i gT- 
9 = cos — — - cos 
An-L 


m g ■ „ An' mL sin 9 

sm# = 

cos# r* 

i (9.80m/ s 2 ) (0.50 s) 2 


— > cos# = 


An 2 L 


An 2 (0.45 m) 


82° 
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96. The speed of the train is (160 km/h) 


f lm/s A 


= 44.44 m/s. 


3.6km/h j 

(a) If there is no tilt, then the friction force must supply the entire centripetal force on the 
passenger. 

2/ (75 kg) (44.44 m/s) 2 

F r = m v 2 /R = ± ^ , ' ’ = 259.9 N 


2.6x10 N 


(570m) 

(b) For the banked case, the normal force will contribute to the radial force 
needed. Write Newton’s second law for both the x and y directions. The y 
acceleration is zero, and the x acceleration is radial. 


Yj F y = F^cos9-mg-F fi sm9 = 0 


F n = 


mg + F k sin # 
cos# 


y/ F y = F n sin 9 + F fr cos 9 = m v 2 / r 

Substitute the expression for the normal force from the y equation into the 
x equation, and solve for the friction force. 

mg + F t sin # . , / 

sm 9 + F fr cos 9 = m v jr — > 

cos 9 

^2 

(; mg + F fi sin 9) sin 9 + F fr cos 2 9 = m — cos 9 — > 

r 


F fr = m 


^v 2 ^ 

— cos# - gsm# 
r 


= (75 kg) 


(44.44 m/s)" 0 , / 2 \ 

^ ^-cos8.0°-(9.80m/s 2 )sin8.0° 

570 m v ’ 


= 155N 



1.6xlO"N 


97.| We include friction from the start, and then for the no-friction result, set the 
coefficient of friction equal to 0. Consider a free-body diagram for the car on 
the hill. Write Newton’s second law for both directions. Note that the net 
force on the y direction will be zero, since there is no acceleration in the y 
direction. 

yV = F n - mg cos # = 0 -> F n = mg cos # 

^ F x = mg sin # - F b = ma — > 

F, . u, mg cos # . . . 

a = g sm # = g sm # = g (sm # - ju k cos #) 

m m 

Use Eq. 2-12c to determine the final velocity, assuming that the car starts from rest. 
v 2 -v 2 = 2n(x-x 0 ) — > v = yJo + 2a(x-x 0 ) = ^2g(x-x 0 )(sin#-// A . cos#) 

The angle is given by sin# = 1/4 — > # = sin" 1 0.25 = 14.5° 



(a) pL k = 0 — > v = ^2g(x-x 0 )xsin# = J2(9.80m/s 2 )(55 m)sinl4.5° = 16m/s 


( b ) F k = 0.10 — > v = J2 (9.80m/ s ‘K 55 m )(sinl4.5° - 0.10cosl4.5°) = |l3m/s 
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98. The two positions on the cone correspond to two opposite directions of the 
force of static friction. In one case, the frictional force points UP the cone’s 
surface, and in the other case, it points DOWN the cone’s surface. In each 
case the net vertical force is 0, and force of static friction is assumed to be its 
maximum value. The net horizontal force is producing centripetal motion. 

Z ^vertical = h sin </> - F fr cos <f> - m g = F N sin <p - ,uF ti cos <p - mg = 0 


h = 


vertical N 1 

177g 




sm <p - jU s cos (p 

=F n cos <p + F fr sin 0 - F N cos<^ + // s F N sin (p 

{2nrf ) 2 



horizontal N 


h = 


= F n (cos<zi + // s sin< 
An 1 rmf 1 


= 777 = 177 - 

r 


An 1 rmf 1 


(cos^ + jU s sin^) 

Equate the two expressions for the normal force, and solve for the radius. 

An" rmf 2 


h = 


mg 


sm 


0-// s cos0 (cos0 + // s sin^) 


g (cos^ + jU s sin^ 


An 1 f 2 (sin <p- cos <p) 


A similar analysis will lead to the minimum radius. 

Z hertica! = h sin <P + h COS 0 ~ 177 g = F N sin 0 + jil F^ COS (p — 177g = 0 
mg 

'Ay A 

sm (p + jU s cos (p 

Z horizontal =h cos <t> ~ h sin <P = F N cos 0 - m s F n sin <p 

, , v 1 (inrfX 

= F n (cos <p~ jU s sm <P) = >n — = m 

r r 


= An 1 rmf 1 


h = 


An 1 rmf 1 


F„ = 


(cos (p~ jU s sin^) 

mg Ajf rmf 1 


sin0 + // s cos0 (cos0-// s sin0) 


g 


(cos <p- jU s sin^) 


An 1 f 1 (sin0 + // s cos^) 



99. (a) See the free-body diagram for the skier when the tow rope is horizontal. 

Use Newton’s second law for both the vertical and horizontal directions 
in order to find the acceleration. 

Z F y = h _ m S = 0 -> F , = m S 
Z h = F T~ h = h - M, F s = h - , Ll ,mg = ma 

F t - jU k mg _ (240 N) - 0.25 (72 kg) (9.80 m/s 2 ) 


a = 


m 


0.88 m/s 


(72kg) 

( b ) Now see the free-body diagram for the skier when the tow rope has 
an upward component. 
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^ F = + F t sin 9 - mg = 0 — > F N =mg-F T sin# 

Z^v = cos 0 ~ F {r = F t cos 9 - M k F N 

= F t cos # - // k (/??g - F t sin 9) = ma 
F t ( cos 9 + jU k sin 9) - ju k mg 


a = 


m 


(240 N) ( cos 12° + 0.25 sin 12°) - 0.25 ( 72 kg) (9.80 m/s 2 ) 


0.98 m/s 


(72kg) 

(c) The acceleration is greater in part ( b ) because the upward tilt of the tow rope reduces the normal 
force, which then reduces the friction. The reduction in friction is greater than the reduction in 
horizontal applied force, and so the horizontal acceleration increases. 


v 2 (6.0m/s)' 


100. The radial acceleration is a R = — , and so a = — = 


45 m/s 


r r 0.80 m 

The tension force has no tangential component, and so the tangential force is seen from the diagram 
t0 be K ng = mg cos 0. 


^a„ g = mg cos 9 = ma lmig « tang = g cos 

The tension force can be found from the net radial force. 

2 

V 

F R = F T - mg sin 9 = m — — > 


9 = (9.80 m/s 2 ) cos 30° = 8.5 m/s 


F 1 = m 


f 2 

1 v 


g sin 9 + — 
r 


= (l.0kg)((9.80m/s 2 )sin30° + 45m/s 2 ) = 
Note that the answer has 2 significant figures. 

101 . (a) The acceleration has a magnitude given by a = v 2 /r . 

a = ^(-15.7 m/s 2 ) 2 + (-23.2 m/s 2 ) = 28.01 m/s 2 = 

v = .^(28.01 m/s 2 ) (63.5m) = 42.17m/s ~ 42.2 m/s 


50N 


63.5 m 


( b ) Since the acceleration points radially in and the position vector points radially out, the 
components of the position vector are in the same proportion as the components of the 
acceleration vector, but of opposite sign. 

K| /„ , , 23.2 m/s 2 
v = r'— 1 = (63.5m) 


\a\ , 15.7 m/s' 

x = r - — - = (63.5 m) — 

a 28.01m/s" 


35.6 m 


28.01 m/s" 


52.6 m 


102. (a) We find the acceleration as a function of velocity, and then use numeric integration with a 
constant acceleration approximation to estimate the speed and position of the rocket at later 
times. We take the downward direction to be positive, and the starting position to bey = 0. 

k 

F = mg - kv = ma — > a = g v" 

m 

For t = 0, y(0) = y 0 = 0 , v(0) = v 0 = 0 , and a (0) = a 0 = g - — v 2 = 9.80 m/s 2 . Assume this 

m 
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acceleration is constant over the next interval, and so y x = y 0 + v 0 A t + \a 0 ( At)' , v, = v 0 + a 0 At, 


and a, = -g v, 2 . This continues for each successive interval. We apply this method first for 

m 

a time interval of 1 s, and get the speed and position at t = 15.0 s. Then we reduce the interval 
to 0.5 s and again find the speed and position at t = 15.0 s. We compare the results from the 
smaller time interval with those of the larger time interval to see if they agree within 2%. If not, 
a smaller interval is used, and the process repeated. For this problem, the results for position 
and velocity for time intervals of 1.0 s and 0.5 s agree to within 2%, but to get two successive 
acceleration values to agree to 2%, intervals of 0.05 s and 0.02 s are used. Here are the results 
for various intervals. 


t/i 

II 

< 

x(l5s) = 648 m 

v(l5s) = 57.5 m/s 

a(l5s) = 0.109 m/s 2 

A t = 0.5s: 

x(l5s) = 641m 

v(l5s) = 57.3 m/s 

a(l5s) = 0.169m/s 2 

A t = 0.2 s: 

x(l5s) = 636m 

v(l5s) = 57.2 m/s 

a(l5s) = 0.210m/s 2 

> 

II 

O 

C Z) 

x(15s) = 634.4 m 

v(l5s) = 57. 13 m/s 

a(l5s) = 0.225m/s 2 

un 

0 

0 

II 

< 

x(l5s) = 633.6m 

v(l5s) = 57. 11 m/s 

a(l5s) = 0.232m/s 2 

At = 0.02 s: 

x(15s) = 633.1m 

v(l5s) = 57.10m/s 

a(l5s) = 0.236m/s 2 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH05.XLS,” on tab “Problem 102a.” 

(. b ) The terminal velocity is the velocity that produces an acceleration of 0. Use the acceleration 
equation from above. 


a = g 


k 2 
— v 
m 



(75kg) (9.80m/ s 2 ) 


58 m/s 


0.22 kg/m k 

At this velocity, the drag force is equal in magnitude to the force of gravity, so the skydiver no 
longer accelerates, and thus the velocity stays constant. 

(c) From the spreadsheet, it is seen that it takes 


17.6s 


to reach 99.5% of terminal velocity. 


|103.| Use the free body diagram to write Newton’s second law for the block, and solve 
for the acceleration. 

F = ma = F p -F fi =F e - u k F s =F p - ujng -» 

f 2 


F ? 

a = M k g 

m 


41N 0.20(9. 80m/s 2 ) 
8-0kg (l + 0.0020v 2 ) 2 


N F„ 


5.125 - - 


1.96 


(l + 0.0020v 2 ) 2 


L /s 


m/s 


mg 


For t = 0, x(0) = x 0 = 0, v(0) = v 0 = 0, and a(0) = a 0 = 3. 165 m/s 2 . Assume this acceleration is 
constant over the next time interval, and so x 1 = x 0 + v 0 A t + 4 a 0 (At)' , v, = v 0 + a 0 At, and 

1.96 


f 


5.125- 


(l + 0.0020v 2 ) 2 


m 1 / s 2 . This continues for each successive interval. We apply this 


method first for a time interval of 1 second, and get the speed and position at t = 5.0 s. Then we 
reduce the interval to 0.5 s and again find the speed and position at t = 5.0 s. We compare the results 
from the smaller time interval with those of the larger time interval to see if they agree within 2%. If 
not, a smaller interval is used, and the process repeated. For this problem, the results for position 
and velocity for time intervals of 1.0 s and 0.5 s agree to within 2%. 
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(a) The speed at 5.0 s, from the numeric 
integration, is 18.0 m/s. The 
velocity-time graph is shown, along 
with a graph for a constant coefficient 
of friction, ju k = 0.20. The varying 

(decreasing) friction gives a higher 
speed than the constant friction. The 
spreadsheet used for this problem can 
be found on the Media Manager, with 
filename “PSE4_1SM_CH05.XLS,” 
on tab “Problem 5.103.” 



0 b ) 


(c) 


The position at 5.0 s, from the 
numeric integration, is 42.4 m. The 
position-time graph is shown, along 
with a graph for a constant 
coefficient of friction, // k = 0.20. The 

varying (decreasing) friction gives a 
larger distance than the constant 
friction. The spreadsheet used for 
this problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH05.XLS,” on tab 
“Problem 5.103.” 



If the coefficient of friction is constant, then a = 3.165 m / s 2 . Constant acceleration 


relationships can find the speed and position at t = 5.0 s. 

v = v o +at = 0 + at — > v flnal = (3.165m/s 2 )(5.0s) = 15.8m/s 


X = x„ + vj + \at~ = 0 + 0 + rrat 


^=l(3.165m/s 2 )(5.0 S ) 2 =39.6 


m 


We compare the variable friction results to the constant friction results. 

n/ diff ... ^constant "Variable _ 1 5 ■ 8 Hl/s ~ 1 8 .0 Hl/s 


^ ju variable 

x — X 

n / i • rv? U constant u variable 

x : % diff = — = 

H variable 


18.0 m/s 

39.6 m/s - 42.4 m/s 
42.4 m/s 


- 12 % 


- 6 . 6 % 


104. We find the acceleration as a function of velocity, and then 
use numeric integration with a constant acceleration 
approximation to estimate the speed and position of the rocket 
at later times. 


F = -mg — kv~ = ma — > a = -g 
For t = 0, v(0) = 0, v(0) = v 0 = 120m/s, and 


E v 2 

m 


/C / 

?(0) = a 0 = -g v 2 =-9.80m/s 2 . Assume this 


m 


t( s) 

y(m) 

v(m/s) 

a (m/s 2 ) 

0 

0 

120.0 

-47.2 

1 

96 

72.8 

-23.6 

2 

157 

49.2 

-16.1 

3 

199 

33.1 

-12.6 

4 

225 

20.5 

-10.9 

5 

240 

9.6 

-10.0 

6 

245 

-0.5 

-9.8 

To + V 0 A? + 


2 > v i=% 

+ a 0 At, 
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and a t = -g v 2 . Thi s continues for each successive interval. Applying this method gives the 

m 


results shown in the table. We estimate the maximum height reached as v = 245 m 

If air resistance is totally ignored, then the acceleration is a constant -g and Eq. 2- 12c may be used to 
find the maximum height. 

v 2 -v; =2a(y-v 0 ) 


y-y o 




(l20m/s) 2 
2 (9.80 m/ s 2 ) 


= 730m 


Thus the air resistance reduces the maximum height to about 1/3 of the no-resistance value. A more 
detailed analysis (with smaller time intervals) gives 302 m for the maximum height, which is also the 
answer obtained from an analytical solution. 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_1SM_CH05.XLS,” on tab “Problem 5.104.” 
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Responses to Questions 

[T] Whether the apple is attached to a tree or falling, it exerts a gravitational force on the Earth equal to 
the force the Earth exerts on it, which is the weight of the apple (Newton’s third law). 

2. The tides are caused by the difference in gravitational pull on two opposite sides of the Earth. The 
gravitational pull from the Sun on the side of the Earth closest to it depends on the distance from the 
Sun to the close side of the Earth. The pull from the Sun on the far side of the Earth depends on this 
distance plus the diameter of the Earth. The diameter of the Earth is a very small fraction of the total 
Earth-Sun distance, so these two forces, although large, are nearly equal. The diameter of the Earth 
is a larger fraction of the Earth-Moon distance, and so the difference in gravitational force from the 
Moon to the two opposite sides of the Earth will be greater. 

3. The object will weigh more at the poles. The value of r 2 at the equator is greater, both from the 
Earth’s center and from the bulging mass on the opposite side of the Earth. Also, the object has 
centripetal acceleration at the equator. The two effects do not oppose each other. 

4. Since the Earth’s mass is greater than the Moon’s, the point at which the net gravitational pull on the 
spaceship is zero is closer to the Moon. A spaceship traveling from the Earth towards the Moon must 
therefore use fuel to overcome the net pull backwards for over half the distance of the trip. However, 
when the spaceship is returning to the Earth, it reaches the zero point at less than half the trip 
distance, and so spends more of the trip “helped” by the net gravitational pull in the direction of 
travel. 

5. The gravitational force from the Sun provides the centripetal force to keep the Moon and the Earth 
going around the Sun. Since the Moon and Earth are at the same average distance from the Sun, they 
travel together, and the Moon is not pulled away from the Earth. 

6. As the Moon revolves around the Earth, its position relative to the distant background stars changes. 
This phenomenon is known as “parallax.” As a demonstration, hold your finger at arm’s length and 
look at it with one eye at a time. Notice that it “lines up” with different objects on the far wall 
depending on which eye is open. If you bring your finger closer to your face, the shift in its position 
against the background increases. Similarly, the Moon’s position against the background stars will 
shift as we view it in different places in its orbit. The distance to the Moon can be calculated by the 
amount of shift. 

[7] At the very center of the Earth, all of the gravitational forces would cancel, and the net force on the 
object would be zero. 

8. A satellite in a geosynchronous orbit stays over the same spot on the Earth at all times. The satellite 
travels in an orbit about the Earth’s axis of rotation. The needed centripetal force is supplied by the 
component of the gravitational force perpendicular to the axis of rotation. A satellite directly over 
the North Pole would lie on the axis of rotation of the Earth. The gravitational force on the satellite 
in this case would be parallel to the axis of rotation, with no component to supply the centripetal 
force needed to keep the satellite in orbit. 

9. According to Newton’s third law, the force the Earth exerts on the Moon has the same magnitude as 
the force the Moon exerts on the Earth. The Moon has a larger acceleration, since it has a smaller 
mass (Newton’s second law, F = ma). 
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10. The satellite needs a certain speed with respect to the center of the Earth to achieve orbit. The Earth 
rotates towards the east so it would require less speed (with respect to the Earth’s surface) to launch 
a satellite towards the east {a). Before launch, the satellite is moving with the surface of the Earth so 
already has a “boost” in the right direction. 

11. If the antenna becomes detached from a satellite in orbit, the antenna will continue in orbit around 
the Earth with the satellite. If the antenna were given a component of velocity toward the Earth (even 
a very small one), it would eventually spiral in and hit the Earth. 


12. Ore normally has a greater density than the surrounding rock. A large ore deposit will have a larger 
mass than an equal amount of rock. The greater the mass of ore, the greater the acceleration due to 
gravity will be in its vicinity. Careful measurements of this slight increase in g can therefore be used 
to estimate the mass of ore present. 


13. 


Yes. At noon, the gravitational force on a person due to the Sun and the gravitational force due to the 
Earth are in the opposite directions. At midnight, the two forces point in the same direction. 
Therefore, your apparent weight at midnight is greater than your apparent weight at noon. 


14. Your apparent weight will be greatest in case (/;), when the elevator is accelerating upward. The 

scale reading (your apparent weight) indicates your force on the scale, which, by Newton’s third law, 
is the same as the normal force of the scale on you. If the elevator is accelerating upward, then the 
net force must be upward, so the normal force (up) must be greater than your actual weight (down). 
When in an elevator accelerating upward, you “feel heavy.” 

Your apparent weight will be least in case (c), when the elevator is in free fall. In this situation your 
apparent weight is zero since you and the elevator are both accelerating downward at the same rate 
and the normal force is zero. 

Your apparent weight will be the same as when you are on the ground in case (d), when the elevator 
is moving upward at a constant speed. If the velocity is constant, acceleration is zero and N = mg. 
(Note that it doesn’t matter if the elevator is moving up or down or even at rest, as long as the 
velocity is constant.) 


15. If the Earth’s mass were double what it is, the radius of the Moon’s orbit would have to double (if 
the Moon’s speed remained constant), or the Moon’s speed in orbit would have to increase by a 
factor of the square root of 2 (if the radius remained constant). If both the radius and orbital speed 
were free to change, then the product rv 2 would have to double. 


16. If the Earth were a perfect, nonrotating sphere, then the gravitational force on each droplet of water 
in the Mississippi would be the same at the headwaters and at the outlet, and the river wouldn’t flow. 
Since the Earth is rotating, the droplets of water experience a centripetal force provided by a part of 
the component of the gravitational force perpendicular to the Earth’s axis of rotation. The centripetal 
force is smaller for the headwaters, which are closer to the North pole, than for the outlet, which is 
closer to the equator. Since the centripetal force is equal to mg - N (apparent weight) for each 
droplet, N is smaller at the outlet, and the river will flow. This effect is large enough to overcome 
smaller effects on the flow of water due to the bulge of the Earth near the equator. 

17. The satellite remains in orbit because it has a velocity. The instantaneous velocity of the satellite is 
tangent to the orbit. The gravitational force provides the centripetal force needed to keep the satellite 
in orbit, acting like the tension in a string when twirling a rock on a string. A force is not needed to 
keep the satellite “up”; a force is needed to bend the velocity vector around in a circle. 
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18. Between steps, the runner is not touching the ground. Therefore there is no normal force up on the 
runner and so she has no apparent weight. She is momentarily in free fall since the only force is the 
force of gravity pulling her back toward the ground. 

19. If you were in a satellite orbiting the Earth, you would have no apparent weight (no normal force). 
Walking, which depends on the normal force, would not be possible. Drinking would be possible, 
but only from a tube or pouch, from which liquid could be sucked. Scissors would not sit on a table 
(no apparent weight = no normal force). 

20. The centripetal acceleration of Mars in its orbit around the Sun is smaller than that of the Earth. For 
both planets, the centripetal force is provided by gravity, so the centripetal acceleration is inversely 
proportional to the square of the distance from the planet to the Sun: 

m v 2 Gm m y 1 Gm 

p S P v 

= — 80 — = ~^r 

r r r r 

Since Mars is at a greater distance from the Sun than Earth, it has a smaller centripetal acceleration. 
Note that the mass of the planet does not appear in the equation for the centripetal acceleration. 

21. For Pluto’s moon, we can equate the gravitational force from Pluto on the moon to the centripetal 
force needed to keep the moon in orbit: 

7 n v 2 Gm m 

" l m v _ P m 

~ 2 

r r 

This allows us to solve for the mass of Pluto (m p ) if we know G, the radius of the moon’s orbit, and 
the velocity of the moon, which can be determined from the period and orbital radius. Note that the 
mass of the moon cancels out. 

22. The Earth is closer to the Sun in January. The gravitational force between the Earth and the Sun is a 
centripetal force. When the distance decreases, the speed increases. (Imagine whirling a rock around 
your head in a horizontal circle. If you pull the string through your hand to shorten the distance 
between your hand and the rock, the rock speeds up.) 



Since the speed is greater in January, the distance must be less. This agrees with Kepler’s second 
law. 

23. The Earth’s orbit is an ellipse, not a circle. Therefore, the force of gravity on the Earth from the Sun 
is not perfectly perpendicular to the Earth’s velocity at all points. A component of the force will be 
parallel to the velocity vector and will cause the planet to speed up or slow down. 

24. Standing at rest, you feel an upward force on your feet. In free fall, you don’t feel that force. You 
would, however, be aware of the acceleration during free fall, possibly due to your inner ear. 

25. | If we treat g as the acceleration due to gravity, it is the result of a force from one mass acting on 

another mass and causing it to accelerate. This implies action at a distance, since the two masses do 
not have to be in contact. If we view g as a gravitational field, then we say that the presence of a 
mass changes the characteristics of the space around it by setting up a field, and the field then 
interacts with other masses that enter the space in which the field exists. Since the field is in contact 
with the mass, this conceptualization does not imply action at a distance. 
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Solutions to Problems 

[l] The spacecraft is at 3.00 Earth radii from the center of the Earth, or three times as far from the 

Earth’s center as when at the surface of the Earth. Therefore, since the force of gravity decreases as 
the square of the distance, the force of gravity on the spacecraft will be one-ninth of its weight at the 
Earth’s surface. 

(I480kg)(9.80m/s 2 ) 


F c=\ m S E 


G 9 0 Earth's 

surface 


1610N 


This could also have been found using Eq. 6-1, Newton’s law of universal gravitation. 


The force of gravity on an object at the surface of a planet is given by Newton’s law of universal 
gravitation, Eq. 6-1, using the mass and radius of the planet. If that is the only force on an object, 
then the acceleration of a freely falling object is acceleration due to gravity. 

M .. m 


F a =G-^ = mgw 


I g]v 


= G- 


Moon 


■ = (6.67x10^ N-nr/kg 2 ) 


(7.35xl0 22 kg) 

(l.74xl0 6 m) 2 


1.62 m/s 


The acceleration due to gravity at any location on or above the surface of a planet is given by 
planet ~ G M planet / ^ ’ vv 'h crc >' is the distance from the center of the planet to the location in question. 


M 

_ /~i Planet 

g planet ~ U ~~ U 




(2-3 ^ Earth ) 2 2.3 2 


^ Q M Earth 


r: 


2.3" 


2 g Earth 


9.80 m/s" 
2.3 2 


1.9 m/s 


The acceleration due to gravity at any location at or above the surface of a planet is given by 
planet = F ^pianet/ 7 " 2 ’ where v is the distance from the center of the planet to the location in question. 


a-> ^ Planet _1.80M Earth i on 

gplanet ~ = G 73 = L8U 

r R r 


M 

Q Earth 


V 


R 


Earth J 


= l.SOgEartr = 1.80 (9.80 m/s 2 ) = 17.6 m/ 


5. The acceleration due to gravity is determined by the mass of the Earth and the radius of the Earth. 


GM n 


GM 


G2M n 2 GM, 


=■ 


g new 


2 

r 

new 


(\y 


9 r: 


— = — a 

9 60 


So g is multiplied by a factor of 2/9 


6 . 


The acceleration due to gravity at any location at or above the surface of a planet is given by 
g planet = F ^pianet A' 2 ’ w h crc >' is the distance from the center of the planet to the location in question. 

For this problem, M planet = M Earth = 5.97 x 10 24 kg. 

(a) r = i? Earth + 6400 m = 6.38 x 10 6 m + 6400 m 




N (5.98xl0 24 kg) 

Q 78 m /o 2 
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(b) r = i? Earth + 6400 km = 6.38x 10 6 m + 6.4x1 0 6 m = 12.78xl0 6 m (3sigfig) 

g = G = (6.67 x 10 _u N-nf/kg 2 ) ( 5 - 98xlQ kg ) = 2 .44 m/s 2 
r (l2.78xl0 6 


= 2.44 m/s 


[/] The distance from the Earth’s center is r = P l :mh + 300 km = 6.38x1 0 6 m + 3x1 O ' m = 
6.68 x 10 6 m (2 sig fig) . Calculate the acceleration due to gravity at that location. 

g = G^f^ = (6.67x10"“ N-nr/kg 2 ) 5 - 97xlQ = 8.924 m/s 2 

r r (6.68xl0 6 m) 


f 1 »* !» 
= 8.924 m /A-f-, 


9.80m/ s" 


= 0.91e’s 


This is only about a 9% reduction from the value of g at the surface of the Earth. 

We are to calculate the force on Earth, so we need the distance of each planet from Earth. 

r Earth =(150-I08)xl0 6 km = 4.2xl0 10 m r Earth = (778-150)xl0 6 km = 6.28xl0“m 

Venus Jupiter 

r Ear,h - (1430-I50)xl0 6 km = 1.28xl0 12 m 

Saturn 

Jupiter and Saturn will exert a rightward force, while Venus will exert a leftward force. Take the 
right direction as positive. 


=G- 


M, w 






= GM 2 - + : 

[(6.28xlO n m)‘ (l.28xl0 12 m) _ (4.2xl0 1(, m)~ y 

= (6.67x10"” N»m 2 /kg 2 )(5.97xl0 24 kg) 2 (4.02xl(T 22 nT 2 ) = 9.56xl0 17 N ~ [v6xl0 17 N 

The force of the Sun on the Earth is as follows. 

M Frtt M s , n n 2N (5.97xl0 24 kg)(l.99xl0 3o kg) 

F Earth =G Ean 2 h Sun =( 6.67x1 0~“ N*m /kg 2 )- ^ ^- = 3.52xl0 22 N 

s® frarth (l.50xl0 n m) 

Sun V ’ 

And so the ratio is F Earth _ /F Earth _ = 9.56 x10 17 n/3.52x 10 22 N = 2.7 xl(T s , which is 27 millionths. 


■ = 3. 52x10“ N 


planets / Sun 


9. Calculate the force on the sphere in the lower left comer, using the free- < > 

body diagram shown. From the symmetry of the problem, the net forces in (/h) d (m) 

the x and y directions will be the same. Note O = 45°. 


F -F...+F.. cos O = G—r + G- 

x right dia 7 2 


2 1 
m 1 


(4ld) 


\fl =G d 2 l 1 + 2V2 


Thus F - F -G—\ l + —j= 

y d 2 y 2V2 


. The net force can be found by the 
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Pythagorean combination of the two component forces. Due to the symmetry of the arrangement, 
the net force will be along the diagonal of the square. 


G^l 

r, 1 1 

1 + r— 

k /2 = G^V 


d 1 1 

l 2 V 2 ; 

1 d 2 1 

l 2 J 


= (6.67 x 10' 11 N-nf/kg 2 ) f J2 + - 

{ ' ’ (0.80 m) 2 l 

The force points towards the center of the square. 


A 

2y 


1.4 x 10~ 8 N at 45° 


10. Assume that the two objects can be treated as point masses, with 777 , = m and m 2 = 4.00 kg - m. The 
gravitational force between the two masses is given by the following. 


F = G 


777 1 777 , 777 ( 4 . 00 - 777 ) 

— G 


= (6.67x10" N-nr/kg 2 ) 


4.00m - m~ 
(0.25 m) 2 


= 2.5 x 10~ 10 N 


This can be rearranged into a quadratic form of 777 2 - 4.00777 + 0.234 = 0 . Use the quadratic formula 
to solve for 777 , resulting in two values which are the two masses. 


777 j = 3.94 kg , 777 , = 0.06kg 


1 1 . The force on m due to 2m points in the i direction. The force on m due to 4/7? points in the j 


direction. The force on m due to 3m points in the direction given by 6 = tan 1 — . Add the force 

*0 

vectors together to find the net force. 

( 2m )m ~ ( 4 / 77 )m ~ ( 3m )m - ( 3m ) m 

F = G- — r — i + G- — r — j + G—„ — — -cos0i + G—„ — ^—smd j 

" J 9 . 9 9. . 9. J 


, 2m ~ 


= G- 


= Gm~ 


-i + G- 


, 4/77 ~ 

2 

To 


2 

To 


i+G 


2 . 2 
*0 + To 


2 . 2 

*0 +T 0 


3/77 ~ 


4 + To Vu+To 


i + G 


0 ■ ^0 

( 3777)777 y 0 
x <> + To V^o +To J 



f 

5 


f 

5 

“ 


2 

— + ' 

3x 0 

i + 

4 

~ + ~ 

3 T 0 

j 


(2 2 \ 312 

(U + To ) J 

(*o +To) "7 




V 0 



12. With the assumption that the density of Europa is the same as Earth’s, the radius of Europa can be 
calculated. 


P Europa Pe arth 

GM 


M 


— > 


Europa 


M r 


4 _ 3 4 3 

3 Europa 3 Earth 


— > r — r 

Europa Earth 


M 


. 1/3 


Europa 


V ^Earth J 


g 


Europa 


GM 


Europa 


Europa 


Europa 


( 

( M 

5 

1/3 V 


Europa 



Earth 

l M 



V 

V 1V1 Earth 

J 

) 


GM 1 ' 3 Ml'l GM „ „ M 113 

Europa Earth Earth Europa 

~ .1/3 _ gEarth 


r M 

Earth Earth 


M 3 

Europa 

V M Earth J 


(9.80m/s 2 ) 

f 4.9xl0 22 kg j 

1 / j 

= 1.98 m/s 2 - 

2.0m/ s 2 

v 5.98xl0 24 kg J 
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13. | To find the new weight of objects at the Earth’s surface, the new value of g at the Earth’s surface 
needs to be calculated. Since the spherical shape is being maintained, the Earth can be treated as a 
point mass. Find the density of the Earth using the actual values, and use that density to find g under 
the revised conditions. 


g, 


original 


_ m u 

= G -f ; p = E 


3 m u 


7lr r 4 7tr„ 


g, 


original 


= G 


m „ 




= G 


K)‘ 


4 np 


s \ 2/3 

f 3 A 


; g =G 

7 ° new 


^3 
4 np 

( 2m E ) 


4 np 


s \ 2/3 

f 3 ^ 


= 2 1,3 G 


4 np 


s \ 2/3 

f 3 ^ 


~l/3 

= 2 g 


4 np 


Thus g is multiplied by 2 1/3 , and so the weight would be multiplied by 2 1 


14. The expression for the acceleration due to gravity at the surface of a body is g body = G 


AT 


body 


R body is the radius of the body. For Mars, g Mars = 0.38g E 


AT, „ 

Q Mars 0 3 8 G Earth 


Rf R: 

Mars Earth 


^Mars “ 0.38M E . |nh 


R 


\ ^ Earth J 


= 0.38(5.98xl0 24 kg) 


3400 km 'j 


6380 km 


6.5xl0 23 kg 


R 


, where 


body 


15. For the net force to be zero means 
that the gravitational force on the 
spacecraft due to the Earth must be 
the same as that due to the Moon. 
Write the gravitational forces on the 
spacecraft, equate them, and solve 
for the distance x. We measure 
from the center of the bodies. 



77 

* Earth ' ' spacecraft 

F 

= G 

Earth- 

~ ^ 2 

’ Moon 

spacecraft 

X 

spacecraft 


Earth 

m „ AT. 

spacecraft > — t Moon 

^spacecraft 

2 

X 


[d - x y 


— > 


AT, m 

Moon spacecraft 

[d — x) 

( d - x) 2 


d - x 


M n 


AT 




Jm. , JaT. 

V Earth V IV 


x = d 


Jm~ p 

V E 


^ tJM Uoob + y[ A/ Earth ^ 


(3.84xlO s m) 


V5.97xl0 24 kg 


(77.35xl0 22 kg + 75.97xl0 24 kg 


3.46x10 m 


This is only about 22 Moon radii away from the Moon. Or, it is about 90% of the distance from the 
center of the Earth to the center of the Moon. 


16. The speed of an object in an orbit of radius r around the Sun is given by v = yjGM Sm /r, and is also 
given by v = 2nrf T , where T is the period of the object in orbit. Equate the two expressions for the 
speed and solve for M Sun , using data for the Earth. 
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M„ 

^ Sun 


2 nr 


M sm =- 


4 n 2 r 


4/r(l.50xl0 11 m) 3 


Mm 


f m = 

Mm x 


(x 2 +R 2 ) 
GMm 


(x 2 + R 2 ) 


— > 


cos 9 = 


GMm 


(x 2 + R 2 ) Vjc 2 +* 2 


F = 2F 

netx Mm x 


2 GMmx 


(x 2 + R 2 y 


GMmx 

(x 2 +F 2 ) 3 


r T GT- (6.67xl0 _11 N.m 2 /kg 2 )(3.15xl0 7 sec)" 

This is the same result obtained in Example 6-9 using Kepler’s third law. 


1 7. Each mass M will exert a gravitational force on mass 
m. The vertical components of the two forces will 
sum to be 0, and so the net force on m is directed 
horizontally. That net force will be twice the 
horizontal component of either force. 

GMm 


2.01xl0 30 kg 



dM 


18. From the symmetry of the problem, we can 
examine diametrically opposite infinitesimal 
masses and see that only the horizontal 
components of the force will be left. Any off-axis 
components of force will add to zero. The 
infinitesimal horizontal force on m due to an 

Gm 

infinitesimal mass dM is dF,„ = dM . 

\ x +r ) 

The horizontal component of that force is given by the following. 


(dF dMm ) 


Gm Gm 

- cos 9dM = 


MM = 



Gmx 


( v vou \ I V11V l 

X +r) (x +r ) ^/( x 2 + r 2 ) G+G 

The total force is then found by integration. 

Gmx dM 


-dM 


dF = 


E+'A 


— > 


R=J 


Gmx dM 

(22 \ 3L 

[x + r 1 


-> F = 


GMmx 


(x 2 + r 2 ) 


From the diagram we see that it points inward towards the center of the ring. 


. m r 


1 9. | The expression for g at the surface of the Earth is g = G — f . Let g + Ag be the value at a distance 

r E 

of /: + A r from the center of Earth, which is A r above the surface. 

E ’ 


m 


{a) g = G-r- 


g + \g = G 




(r E + At) 


-G- 


m c 


2 

r E 


1 + 


A r 


v =G ^ 

\ r 


f A r) 

-2 

f Ar ^ 



1-2 — 

l r E J 


l r E ) 


' e J 
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A r 

Ag = -2g — 


(b) The minus sign indicated that the [change in g is in the opposite direction as the change in r | . So, 
if r increases, g decreases, and vice-versa. 

(c) Using this result: 


„ A?' / c r \ /2\ 1-25X10 m t 2 

A g = -2g — = -2(9.80m/s' ) — = -0.384 m/s' 

r v ' 6.38x10 m 


g : 


9.42 m/s 


Direct calculation: 
m 

E 

2 

r 

The difference is only about 0.1%. 


g = G^ = (6.67x10 “ N-m 2 /kg 2 ) 


(5.98xl0 24 kg) 


(6.38xl0 6 m + 1.25xl0 5 m) 


= 9.43 m/s 


20. We can find the actual g by taking g due to the uniform Earth, 

subtracting away g due to the bubble as if it contained uniform Earth 
matter, and adding in g due to the oil-filled bubble. In the diagram, 
r = 1000 m (the diameter of the bubble, and the distance from the 
surface to the center of the bubble). The mass of matter in the 
bubble is found by taking the density of the matter times the volume 
of the bubble. 


T oil T uniform T bubble T bubble 

present Earth (Earth (oil) 

matter) 


— > 


4g = g oil S uniform S bubble ^ I 

th 

GM 


oil o uniform o bubble o bubble 

present Earth (oil) (Earth 

matter) 



GM ] 


bubble 

(oi!) 


bubble 

(Earth 

matter) 


G 

r 

5 

G 

4 

A 

2 

M. ... 

bubble 

- M. ... 

bubble 

~ 2 

P oil 

_ P Earth 

r 

(“0 

(Earth i 
matter) J 

r 

V 

matter y 


4 _ 3 

— JTr 
3 bubble 


The density of oil is given, but we must calculate the density of a uniform Earth. 


P 


m r 


Earth 

matter 


f^E 


5.98x10 kg i 3 

j = 5.50x10 kg/m 

r(6.38xl0 6 m) 


* G\ u 3 

Ag — 2 I Anl P Earth | 3 ^^bubble 


(6.67x10'“ N-m 2 /kg 2 ) 


(l.OOx 10 3 m) 

= -1.6414 xlO' 4 m/s 2 « -1.6 x 10~ 4 m/s 
Finally we calculate the percentage difference. 
— (%) - ~'-6 414x '0 4 m/ 1 ’ x i 00 . 


(8.0xl0 2 kg/m 3 -5.50xl0 3 kg/m 3 )f^(5.0xl0 2 m) 3 


g 


9.80 m/s- 


-1.7 x 10 % 


The negative sign means that the value of g would decrease from the uniform Earth value. 
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21 . For an object “at rest” on the surface of the rotating Earth, there are 
two force vectors that add together to form the net force: F grav , the 

force of gravity, directed towards the center of the Earth; and F N , the 

normal force, which is given by F N = -mg eff . The sum of these two 

forces must produce the centripetal force that acts on the object, causing 
centripetal motion. See the diagram. Notice that the component axes 
are parallel and perpendicular to the surface of the Earth. Write 
Newton’s second law in vector component form for the object, and 
solve for g eff . The radius of the circular motion of the object is 

2 Ur 

r = r E cos <9, and the speed of the circular motion is v = — , where 
T is the period of the rotation, one day. 


F + F = F 

grav N net 


„ w„w ~ ■ mv 2 . » mv 2 - 

■ G — j + F N = sin^i cos 6) 



-* mv . ~ 

F. , = sm 6 1 + 


f 2 '\ 

^ 777 F 777 mV 

G—„ cos 0 


2 


J = 7?7 


J 


4 7Tr 


( 


sin 6 i + 


777 p 4;rV ' 


G~t rji2 

\ r B T 


-cos 6 


= 777 


4jt r v cos d . « 

sm 6 i + 


/ 2 

777 E 4^> e COS0 

2 rp2 

V r E T 


COS# 


= m 


4n~ (6.38xl0 6 m) i „ f , , 4n (6.38xl0 6 m) i 

- — i + 9.80 m/s 2 t—!— 

(86,400s) 2 ^ (86,400s)" 2 

= 777 j^(l.687xl0“ 2 m/s 2 ) i + (9.783 m/s 2 ) jj 
From this calculation we see that F N points at an angle of (!) = tan 


, (1.687 xlO" 2 m/s 2 ) 


(9.783m/ s 2 ) 


= 0.0988° 


north of local “upwards” direction. Now solve F N = -7?7g eff for g eff . 
F n = 777 |^(l .687 x 10 2 m/s 2 )i + (9.783 m/s 2 ) jj = -7wg eff — > 


geff 
R eff — 


- "(l.687xl0 _2 m/s 2 )i + (9.783 m/s 2 ) j" 




H 

(9.783 m/s 2 ) 

1 = 

9.78 m/s 2 


g eff points 0.099° south of radially inward 


22. Consider a distance r from the center of the Earth that satisfies r < R, Calculate the force due to 


the mass inside the radius r. 
M 


closer to 
center 


(,•) = pV = p^nr = Mrm " \nr = 


J*R L* 3 ' 


r: 


M . ,777 

closer to 


F =G- 

gravity 


= G 


M 


Earth ^.3 

V Earth J 


m 


M 

— Q Earth 


r: 


m 




( \ 

r 

Surface 

r 

V ^ Earth ) 

V ^ Earth ) 
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Thus for F = 0.95 mg, we must have r = 0.957? Earth , and so we must drill down a distance equal 

to 5% of the Earth’s radius. 

0.05i? Earth = 0.05(6. 38xl0 6 m) = 3.19xl0 5 m : 


320 km 


23. The shuttle must be moving at “orbit speed” in order for the satellite to remain in the orbit when 
released. The speed of a satellite in circular orbit around the Earth is shown in Example 6-6 to be 

M 


v = . G- 


M, 


= . G- 


M„ 


(^Earth + 680 km) ]j 


(6.67 xKT 11 N*m 2 /kg 2 ) 


(5.98xl0 24 kg) 


(6.38xl0 6 m + 6.8xl0 5 m) 


7.52xl0 3 m/s 


24. The speed of a satellite in a circular orbit around a body is shown in Example 6-6 to be 
v orbit = ,Jg M body j r , where r is the distance from the satellite to the center of the body. 


v = jG- 


M 


body 


= . G- 


M r 


i? Earth +5.8x10 m 




/ n 2 / 5.98x1 0- 4 kg 

(6.67x10 N.m 2 /kg M 7 —y 

v ; (l2.18xl0 6 m) 


5.72xl0 3 m/s 


25. Consider a free-body diagram of yourself in the elevator. F N is the force of the scale 
pushing up on you, and reads the normal force. Since the scale reads 76 kg, if it were 
calibrated in Newtons, the normal force would be F N = (76kg) (9.80 m/s 2 ) = 744. 8N. 
Write Newton’s second law in the vertical direction, with upward as positive. 


f n 


2 > = /7 n 


■ mg = ma 


a = 


F n - mg _ 744.8 N - (65kg) (9.80 m/s 2 ) 


m 65 kg 

Since the acceleration is positive, the acceleration is upward. 

26. Draw a free-body diagram of the monkey. Then write Newton’s second law for the 
vertical direction, with up as positive. 

F t - mg 

T - mg = ma —> a = 

m 


1.7 m/s 2 upward 


1 J F = F 1 


For the maximum tension of 185 N, 

185N-(l3.0kg)(9.80m/s 2 ) .. /2 

a = = 4.43 m / s = 4.4 m / s' 

(13.0kg) 


*T '' 


Thus the elevator must have an 


upward acceleration greater than a = 4.4 m/s 2 


for the cord to 


break. Any downward acceleration would result in a tension less than the monkey’s weight. 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

174 


Chapter 6 


Gravitation and Newton 's Synthesis 


27. The speed of an object in a circular orbit of radius r around mass M is given in Example 6-6 by 

v = yjGM/r, and is also given by v = 2 nrjT , where T is the period of the orbiting object. Equate 
the two expressions for the speed and solve for T. 




29. Consider a tree-body diagram for the woman in the elevator. F N is the upwards force 

the spring scale exerts, providing a normal force. Write Newton’s second law for the 
vertical direction, with up as positive. 

= F n -mg = ma -> F^=m(g + a) 

(a, b) For constant speed motion in a straight line, the acceleration is 0, and so the 
normal force is equal to the weight. 

F n = mg = (53kg)(9.80m/s 2 ) = 520N 

(c) Flere a = +0.33g and so F N = l.33mg = 1.33(53kg)(9.80m/s 2 ) = 690N. 

(d) Flere a = -0.33g and so F N = 0.61 mg = 0.67(53kg) (9.80m/s 2 ) = 350N. 

(■ e ) Flere a--g and so F N = [ON . 



30. The speed of an object in an orbit of radius r around the Earth is given in Example 6-6 by 

v = yjG M Earth /r , and is also given by v = 2 nr/T , where T is the period of the object in orbit. 
Equate the two expressions for the speed and solve for T. Also, for a “near-Earth” orbit, r = /^ l ; . r[h . 



No , the result does not depend on the mass of the satellite. 
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|31.| Consider the free-body diagram for the astronaut in the space vehicle. The Moon is 
below the astronaut in the figure. We assume that the astronaut is touching the inside 
of the space vehicle, or in a seat, or strapped in somehow, and so a force will be exerted 
on the astronaut by the spacecraft. That force has been labeled F n . The magnitude of 
that force is the apparent weight of the astronaut. Take down as the positive direction. 



(a) 


If the spacecraft is moving with a constant velocity, then the acceleration of the astronaut must 
be 0, and so the net force on the astronaut is 0. 


Z F = mg -F n = 0 
mM ,, 

F N = mg — G 


— > 


/ „ ,/ (75kg)(7.4xl0 22 kg) 

= (6.67x10 N»m /kg )- — ' =59.23N 

' (2.5 x 10 6 m) 

Since the value here is positive, the normal force points in the original direction as shown on the 
free-body diagram. The astronaut will be pushed “upward” by the floor or the seat. Thus the 


astronaut will perceive that he has a “weight” of 59 N, towards the Moon 


0 b ) 


Now the astronaut has an acceleration towards the Moon. Write Newton’s second law for the 
astronaut, with down as the positive direction. 

y F = mg - F n = ma — > F N = mg - ma = 59.23N - (75kg) (2.3 m/s 2 ) = -1 13. 3N 

Because of the negative value, the normal force points in the opposite direction from what is 
shown on the free-body diagram - it is pointing towards the Moon. So perhaps the astronaut is 
pinned against the “ceiling” of the spacecraft, or safety belts are pulling down on the astronaut. 
The astronaut will perceive being “pushed downwards,” and so has an upward apparent weight 

of 1 1 0 N, away from the Moon 


32. The apparent weight is the normal force on the passenger. For a person at rest, the normal force is 
equal to the actual weight. If there is acceleration in the vertical direction, either up or down, then 
the normal force (and hence the apparent weight) will be different than the actual weight. The speed 
of the Ferris wheel is v = 2 nrj T = 2n{ \ 1.0m)/l2.5s = 5.529 m/s. 


(a) 


(b) 


See the free-body diagram for the highest point of the motion. We assume the 
passengers are right-side up, so that the normal force of the Ferris wheel 
seat is upward. The net force must point to the center of the circle, so 
write Newton’s second law with downward as the positive direction. 

The acceleration is centripetal since the passengers are moving in a circle. 



Z F = F* = 


mg 


-F n = ma = mv 2 / r 


F n = mg - 


■ m v 


! A 


The ratio of apparent weight to real weight is given by the following. 


mg-mv/r g-v 


v 


= 1 = 1 

rg 


(5.529m/s)" 


= 0.716 


mg g rg (ll.O m)(9.80m/s 2 ) 

At the bottom, consider the free-body diagram shown. We assume 
the passengers are right-side up, so that the normal force of the Ferris 
wheel seat is upward. The net force must point to the center of the circle, 
so write Newton’s second law with upward as the positive direction. The 
acceleration is centripetal since the passengers are moving in a circle. 

^ F = F r = F n - mg = ma = m v 2 / r — > F N = mg + m v 2 / r 
The ratio of apparent weight to real weight is given by the following. 
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mg + mv 2 r , v 2 

— — = 1 + — = 1 + 


(5.529m/s) 2 


mg 


rg 


(11.0 m) (9.80 m/s 2 ) 


1.284 


33. See the diagram for the two stars. 

(a) The two stars don’t crash into each other because of 
their circular motion. The force on them is centripetal, 
and maintains their circular motion. Another way to 
consider it is that the stars have a velocity, and the 
gravity force causes CHANGE in velocity, not actual 
velocity. If the stars were somehow brought to rest and then released under the influence of 
their mutual gravity, they would crash into each other. 

(/;) Set the gravity force on one of the stars equal to the centripetal force, using the relationship that 
v = 2 nr IT ~ nd / T , and solve for the mass. 



M 2 v“ 

F - G — — = F = M 

d 2 dl 2 


= M 


M = 


2n 2 d 3 
GT 2 


2(7td/T) 2 _ 2 n 2 Md 
d T 2 

3 


G- 


. M 2 2 n-Md 


— > 


2n 2 (8.0xl0 n m) 


(6.67 xlCT 11 N*m 2 /kg 2 ) 


f 


12.6 yx 


3.15xl0 7 s^ 2 

iy 


9.6xl0 29 kg 


34. (a) The speed of an object in near-surface orbit around a planet is given in Example 6-6 to be 

v = sjGM / R , where M is the planet mass and R is the planet radius. The speed is also given 
by v = 2 nR/T , where T is the period of the object in orbit. Equate the two expressions for the 
speed. 

2 nR 


G- = - 
I R T 




4 n-R 2 


M 


4n 


R T R' GT 

The density of a uniform spherical planet is given by p = 


M 


M 


Volume t nR 


Thus 


P = 


3 M 


3 4 


\nR 4 n GT 2 


3 n 


GT 2 


( b ) For Earth, we have the following. 

3 n 
P = 


3 n 


GT~ 


(6.67x10 11 N*m 2 /kg 2 )[(85min)(60s/min)]‘ 


5.4xl0 3 kg/ m 3 


35. 


Consider the lower left mass in the diagram. The center of the orbits is 
the intersection of the three dashed lines in the diagram. The net force 
on the lower left mass is the vector sum of the forces from the other 
two masses, and points to the center of the orbits. To find that net 
force, project each force to find the component that lies along the line 
towards the center. The angle is 0 = 30° . 


F 



F 


component 

towards 

center 


= F cos 6 = G 


M 2 V3 

f 2 
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EgK 


t 2 


t 


The net force is causing centripetal motion, and so is of the form Mv 2 /r . Note that r cos 6 = £/2 . 


F = 2G 

net 


M 2 V 3 /r„ M 2 Mv 2 Mv 2 Mv 2 /r„M 2 Mv 2 


_ F C M _ 

/ 2 2 / 2 r //(2cos 6 1 ) //V3 


Rr—- 

V / 2 ' //VJ 


v = 


GM 


£ 


36. The effective value of the acceleration due to gravity in the elevator is 
g clT = g + a elevator . We take the upwards direction to be positive. The 

acceleration relative to the plane is along the plane, as shown in the tree- 
body diagram. 

(a) The elevator acceleration is a elevator = +0.50g. 
gat = g + 0.50g = 1.50g > 



a rd = g eff sin 6 = 1.50gsin32° = 7.79 m/: 


(. b ) The elevator acceleration is a elevator = -0.50g. 

g eff = g - 0.50g = 0.50g — > a rd = g eff sin(9 = 0.50gsin32° = 2.60m/s 2 
(c) The elevator acceleration is a elevator = -g. 


?eff=g' _ ^ = 0 a K i = g eff sin6 , = 0sin32° = |0m/V 
(i d) The elevator acceleration is 0. 


?eff = g-° = ? -T a rel = geff sin 6 = 5.19m/; 


|37.| Use Kepler’s third law for objects orbiting the Earth. The following are given. 
T 2 = period of Moon = (27.4 day)[ 


f 86,400 s A 


1 day 

r. - radius of Moon's orbit = 3. 84x10* m 


= 2.367x10° sec 


i] = radius of near-Earth orbit = i? Earth = 6.38 x 1 0° m 


(T,/T,y=(rjr,y 


— > 


T x =T 2 (rJr 2 ) 3 ' 2 = (2.367 xl0 6 sec) 


6.38xl0 6 m 


v 3. 84x10 m j 


5.07x10 sec 


(= 84.5 min) 


38. Knowing the period of the Moon and the distance to the Moon, we can calculate the speed of the 
Moon by v = 2nr/ T . But the speed can also be calculated for any Earth satellite by 

v = y/GM M /r, as derived in Example 6-6. Equate the two expressions for the speed, and solve 
for the mass of the Earth. 
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slGM^Jr=2nr/T -> 


An 2 \ 

(3.84xl0 8 m) 

j 

1 

5.98xl0 24 kg 

(6.67x10"“ N-m 2 /kg 2 )[(27.4 d)(86,400s/d)] 2 



39. Use Kepler’s third law for objects orbiting the Sun. 

(^Neptune j 1 Earth ) (^Neptune /^Earth ) ^ 


T =T 

Neptune Earth 


r r V /2 

' Neptune 


V 'Earth J 


= (l year) 


/ 0 \ 3/2 

' 4.5x10 km ' 


1.50x10' km 


1 60 years 


40. As found in Example 6-6, the speed for an object orbiting a distance r around a mass M is given by 
v = yj GM/r . 



i u 


41. There are two expressions for the velocity of an object in circular motion around a mass M: 
v = ^GM/r and v = 2 nrj T . Equate the two expressions and solve for T. 

y/GM/r = 2 nr jT 


— > 


T = 2n „ 


GM 


= 2 



(6.67xl0“ n N*m 2 /kg 2 )(4xl0 41 kg) 


= 5.8x10 15 s = 1.8xlO s y 


2x10 y 


42. (a) The relationship between satellite period T, mean satellite distance r, and planet mass M can be 
derived from the two expressions for satellite speed: v = y] GM/r and v = 2 nr/T . Equate the 
two expressions and solve for M. 


yjGM/r - 2 nr/T -> M 


4 7T 2 r 3 
GT 2 


Substitute the values for lo to get the mass of Jupiter. 

An 2 (4.22xl0 8 m) 3 


M 


Jupiter- s \ 

(6.67xl0 -11 N*m 2 /kg 2 )fl.77dx^-^x— — 8 
1 ' & \ 1 d 1 h 

( b ) For the other moons, we have the following. 

An 1 (6.71xlO s m) 3 


1.90xl0 27 kg 


M 


Europa (6.67x10"“ NW/kg 2 ) ( 3 .5 5 x 24 x 3 600 s) 2 


1.90xl0 27 kg 
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M 


An 1 (l.07xl0 9 m) 


Gan>Tnede ( 6.67 x 1 0““ 1 N-nf/kg 2 ) ( 7. 1 6 X 24 X 3 600 s) 2 


1.89xl0 27 kg 


M 


An 1 (l.883xl0 9 m) 


Callisto (6.67xKT u N«m 2 /kg 2 ) (16. 7x24x3600 s) 2 


1.90xl0 27 kg 


Yes | , the results are consistent - only about 0.5% difference between them. 


|43.| Use Kepler’s third law to find the radius of each moon of Jupiter, using lo’s data for r 2 and T 2 . 
(rjrj =(TjT 2 ) 2 -> r^r 2 {TjT 2 ) 2n 


r =k(T p IT ) 2/3 =(422xl0 3 km)(3.55 d/l.77 d) 2 

buropa lo \ buropa / lo / \ ) \ / / 

= (422xl0 3 km)(7.16 d/l.77 d) 2/3 = | 


671x10 km 


Ganymede 


1070x10 km 


r c amsto = (422xl0 3 km)(l6.7 d/l.77 d) 2/3 = |l880xl0 3 km 


The agreement with the data in the table is excellent. 


44. (a) Use Kepler’s third law to relate the Earth and the hypothetical planet in their orbits around the 
Sun. 

( ^planet / ^Earth ) ( ^planet j 5'arLli ) ^ 


T^ ei = T^(r vlm Jr^) ‘ = (l y) (3/lf 2 = 5.20y « gy 


( b ) No mass data can be calculated from this relationship, because the relationship is mass- 
independent. Any object at the orbit radius of 3 times the Earth’s orbit radius would have a 
period of 5.2 years, regardless of its mass. 

45. (a) Use Kepler’s third law to relate the orbits of the Earth and the comet around the Sun. 


V r Earth J 


T 

V 1 Earth J 


— > 


T 

V 1 Earth J 


- (l AU) 


f 2400 yV /3 

iy v 


= 179.3 AU 


180AU 


( b ) The mean distance is the numeric average of the closest and farthest distances. 
1.00AU + r 


179.3 AU = 


-» r = 357.6 AU 


360 AU 


(c) Refer to Figure 6-17, which illustrates Kepler’s second law. If the time for each shaded region 
is made much shorter, then the area of each region can be approximated as a triangle. The area 
of each triangle is half the “base” (speed of comet multiplied by the amount of time) times the 
“height” (distance from Sun). So we have the following. 

Area. = Area — > \(v . t)r . = \(v t)r 

min max 2 \ mm / mm 2 \ max / max 


v . Iv = r lr . = 360/1 

mm / max max / mm / 
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46. (a) In a short time At , the planet will travel a 

distance vAt along its orbit. That distance is 
essentially a straight line segment for a short 
time duration. The time (and distance moved) 
during At have been greatly exaggerated on the 
diagram. Kepler’s second law states that the 
area swept out by a line from the Sun to the 
planet during the planet’s motion for the At is 
the same anywhere on the orbit. Take the areas 
swept out at the near and far points, as shown on the diagram, and approximate them as 
triangles (which will be reasonable for short At ). 

» a( V N A O rf N =t( v f A? K 



( Area ) N = ( Area ) F 


v n/ v f 


(b) 


Since the orbit is almost circular, an average velocity can be found by assuming a circular orbit 
with a radius equal to the average distance. 


2nr 


v = 


2 ^(rf N + d F )_ 2*1(1.47x10 


"m + 1.52xlO u m 


= 2.973 xlO 4 m/s 


T T 3.16x10 s 

From part (a) we find the ratio of near and far velocities. 
v N /v F =dJd N = 1.52/1.47 = 1.034 

For this small change in velocities (3.4% increase from smallest to largest), we assume that the 
minimum velocity is 1.7% lower than the average velocity and the maximum velocity is 1.7% 
higher than the average velocity. 

(l + 0.017) = 2.973 xlO 4 m/s (1.017) = 


v., = v„ 


3.02 xlO 4 m/s 


v F = v avg (1 - 0.0 1 7) = 2.973 x 10 4 m/s (0.983) = 2.92 x 10 4 m/s 


47. (a) Take the logarithm of both sides of the Kepler’s third law expression. 


T 1 = 




\ Gm ij 


-> logT 2 = log 


b 4* 2 ^ 


\ Gm , J 


— > 2 log T = log 




\Gm, j 


+ 3 log r — > 


logT = f log r + y log 




\ Gm ,J 


This predicts a straight line graph for log(I) vs. log(r), with a slope of 3/2 and a 



(6) The data is taken from 
Table 6-3, and the graph is 
shown here, with a straight- 
line fit to the data. The data 
need to be converted to 
seconds and meters before 
the logarithms are 
calculated. 

From the graph, the slope is 
1.50 (as expected), and the 
y-intcrccpt is -7.76. 
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= b — » m,= 


= 1.97xl0 27 kg 


2 \GrnJ " tJ ~G(lO")"(6.67xlO-“)(lO— — ^ 1 

The actual mass of Jupiter is given in problem 8 as 3 1 8 times the mass of the Earth, which is 
1.90 x 10 27 kg . The spreadsheet used for this problem can be found on the Media Manager, with 
filename “PSE4 ISM CH06.XLS,” on tab “Problem 6.47b.” 


48. We choose the line joining the Earth and Moon 
centers to be the x-axis. The field of the Earth 
will point towards the Earth, and the field of 
the Moon will point towards the Moon. 


G(M Moon -M Earth ), 


Moon 



(6.67x10" N*m 2 /kg 2 )(7.35xl0 22 kg-5.97xl0 24 kg) „ , . 

= 45 L i = -1 .07 x 10" 2 m/s 2 i 

(f(384xl0 6 m))' 

So the magnitude is 1.07 x 1 0 : m/s 2 and the direction is towards the center of the Earth 


(a) The gravitational field due to a spherical mass M, at a distance r from the center of the mass, is 
g = GM/r 2 . 

GM \ (6.67x10-“ W/kg 2 ) (1.99 xl0 30 kg) — q 

Ss.,=^ = - 7 ^-77 = p. 93x10 3 m/s 2 1 

Earth r sunto (l.496xl0 mj 


■= 5.93 xlO" 3 m/s 2 


( b ) Compare this to the field caused by the Earth at the surface of the Earth. 


^ Sun at — ^ / 2 

Earth = 5.93x10 m/s 
.s* 9.80 m/ s 2 


= 6.05x10- 


oj, this is not going to affect your weight significantly. The effect is less than 0.1 %. 


50. (a) From the symmetry of the situation, 

the net force on the object will be down. 
However, we will show that explicitly by 
writing the field in vector component 
notation. 




g = iicf, + ^ right = -G— ysin6> i + -G— 7 


x- + y 


x 0 + y 


cos 6 j 


= -2G 


+ ~ sin6> i+ ~ cos6> j 

Lv x o + y ) v x o + y ) 


m my y 

-T—^cos# j= -2G 2 2 1 2 = J'= ~ 2Gm — 1 

x o+T ) ( x o +yJx 0 +y (x 0 +y 
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(, b ) If we keep y as a positive quantity, then the magnitude of the field is g = 2Gm - 


y 


( 2 2 Y ,z 

[Xo+y ) 

We find locations of the maximum magnitude by setting the first derivative equal to 0. Since 
the expression is never negative, any extrema will be maxima. 

/ O ~\3/2 / r, 0 \ 1/2 

(*o+t) 2 f 


g - 2 C/77 - 


y 


-» — = 2G/77 


(x 0 2 +y 2 ) " dt 

(*o + / ) 3 2 - Ty (*o + / )' 2 2 T = 0 


= (J -> 


y max 




(^o+Z) 3 

0.71jc„ 


= 0 -» 


& max ^ 


y = 


>/ 2 . 


= 2 C/77 ■ 




X, 


*0 + 


4~2 


4Gm 


3V3x 


0.77 


C/77 


There would also be a maximum at y = - x 0 / x/2 . 

5 1 . The acceleration due to the Earth’s gravity at a location at or above the surface is given by 

g = G M | arih / r 2 , where r is the distance from the center of the Earth to the location in question. 
Find the location where g = yg surface . 

— > r 1 - 2RI. — » r = y[2R„.. 


GM f r ,„ 1 gm b 

Earth Earth 


r 2 Ri , 

Earth 

The distance above the Earth’s surface is as follows. 

^-^a rth -(V2-l)/? Earth =(V2-l)(6.38xl0 6 m) = 


2.64x10 m 


52. (a) Mass is independent of location and so the mass of the ball is | 13.0 kg | on both the Earth and 
the planet. 

(b) The weight is found by W = mg. 

^Earth = Earth = ( 13 ’ 0 k §) ( 9 ‘ 80m / s' ) = 

^Plane, = "^Planet = ( 13 ’ 0 k g) (l2.0m/ S ' ) = 


127 N 


156N 


53. (a) The acceleration due to gravity at any location at or above the surface of a star is given by 

g star = GM stsa /r : , where r is the distance from the center of the star to the location in question. 

M 

g = G — 2 

ostar x-»2 


R: 


(6.67x10-" N-m’/kgU ( 1 ' 99xl0 ” tg ) = 

4.38xl0 7 m/s 2 

(l.74xl0 6 m) 



(b) W = mg^=( 65kg)(4.38xl0 7 m/s 2 ) = |2.8xl0 9 N 

(c) Use Eq. 2- 12c, with an initial velocity of 0. 

v 2 = v 2 +2 a(x - x 0 ) — > 


V 2 a(x-x 0 ) = yi 

6i 

(4.38xl0 7 m/s 2 ) 

(1.0m) = 

9.4 x 10 3 m/s 
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54. In general, the acceleration due to gravity of the Earth is given by g = G M Earth j r 2 , where r is the 

distance from the center of the Earth to the location in question. So for the location in question, we 
have the following. 


§ 10 Ssi 


M M 

Q _ Earth —J_Q Earth 


R; 


-> r 2 =\QRl^ 


= VlO^ Earth = VlO (6.38xl0 6 m) = 


2.02xl0 7 m 


|55.| The speed of an object in an orbit of radius r around a planet is given in Example 6-6 as 

v = M planct jr , and is also given by v = 2nrj T , where T is the period of the object in orbit. 


Equate the two expressions for the speed and solve for T. 

i i : 

2 nr 


M 

Q x Planet 


T = 2n. 


GM n 


For this problem, the inner orbit has radius r nner = 7.3 x 10 7 m, and the outer orbit has radius 
r =1.7 x 10 s m. Use these values to calculate the periods. 


= 2 n 


T =2n 

outer 


1 

1 

(7.3xl0 7 m 

) 3 

(6.67x10"” N-m 2 /kg 2 ) 

(5.7xl0 26 kg) 

1 

(l.7xl0V 

! 


2.0x10s 


(6.67xlO -11 N*m 2 /kg 2 ) (5.7xl0 26 kg) 


7.1x10s 


Saturn’s rotation period (day) is 10 hr 39 min, which is about 3.8 x 10 4 sec. Thus the inner ring will 
appear to move across the sky “faster” than the Sun (about twice per Saturn day), while the outer 
ring will appear to move across the sky “slower” than the Sun (about once every two Saturn days). 

56. The speed of an object in an orbit of radius r around the Moon is given by v = ^G M Uoon /r, and is 

also given by v = 2 nr/T , where T is the period of the object in orbit. Equate the two expressions 
for the speed and solve for T. 


sjGM M Jr = 2nrlT 


— > 


T = 2n. 


GM, 


- 2n, 


l( X Moo- +100 km) 3 
GM„ 


= 2 n. 


1 

(l.74xl0 6 m + lxl0 5 m) 

3 

1 

| (6.67x10"” N-nr /kg 2 ) 

(7.35xl0 22 kg) 


7.1x10 3 s (~ 2. Oh) 


57. Use Kepler’s third law to relate the orbits of Earth and Halley’s comet around the Sun. 



^Haiie y = UanH ( W 7 ^ V = (l 50 x 1 0* km ) ( 76 y/l y) 2/3 = 2690xl0 6 km 

This value is half the sum of the nearest and farthest distances of Halley’s comet from the Sun. Since 
the nearest distance is very close to the Sun, we will approximate that nearest distance as 0. Then the 
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farthest distance is twice the value above, or 5380 x 10 6 km = 5.4 x 10 12 m . This distance approaches 
the mean orbit distance of Pluto, which is 5.9 x 10 12 m. It is still in the solar system, nearest to 


Pluto’s orbit. 


58. (a) The speed of a satellite orbiting the Earth is given by v = ~Jg M Earth / r . For the GPS satellites, 
r = f? Earth + (1 1,000) (1.852 km) = 2.68xl0 7 m. 


/ v (5.97xl0” 4 kg) 

v = J(6. 67x10”" N*m 2 /kg 2 )- = 3.86xl0 3 m/s 

V ' 2.68x10 m 

(. b ) The period can be found from the speed and the radius. 

2 nr 2;r(2.68xl0 7 m) 


3.9 xlO 3 m/s 


■ = 2 nr )T 


T = 


3.86x10 m/s 


4.4x10 sec ~ 12h 


59. For a body on the equator, the net motion is circular. Consider the ffee- 
body diagram as shown. F K is the normal force, which is the apparent 
weight. The net force must point to the center of the circle for the object to 
be moving in a circular path at constant speed. Write Newton’s second law 
with the inward direction as positive. 

Z F R = Jupiter - ™ 


Jupiter 

r 



M 




Jupiter 


R 


R, 


F N = m (gjupiter - ^Jupiter ) = "? 

y L v Jupiter ± v Jupiter J 

Use the fact that for a rotating object, v = Inrj T . 


F n = m 


q ^Jupiter ^Jupiter 


R: 


perceived 

y v Jupiter Jupiter J 

Thus the perceived acceleration due to gravity of the object on the surface of Jupiter is as follows. 


M. , 4 tTR, , 

Jupiter Jupiter 

^perceived — n 2 rj-,2 


R 


Jupiter 


Jupiter 


(,67xlO-'W/ kg q(U^-^(f^ 


(7.1xl0 7 m) 


(595 min) 


60 s v 
1 min , 


= 22.94 m/s 


1 g 


9.8 m/s” 


2.3g's 


Based on this result, you would not be crushed at all. You would feel “heavy,” but not at all crushed. 

60. The speed of rotation of the Sun about the galactic center, under the assumptions made, is given by 

2 

and so A7 = ’ s ""° rb "' . Substitute in the relationship that v = 2nr %mt orbit /T . 


v = . G- 


M 


galaxy 


galaxy 
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M 


galaxy 


( r Sun orbit ) 

GT 2 


An 2 [(30,000)(9.5xl0 15 m)] 3 


(6.67xlO _u N-m 2 /kg 2 ) 


(200xl0 6 y) 


7 A 


3.15x10 s 


= 3.452xl0 41 kg = 3xl0 41 kg 


The number of solar masses is found by dividing the result by the solar mass. 

u t 3.452xl0 4l kg 1 ,„, winl 

# stars = — 6 — - = = 1.726x10 




2.0x10 kg 


2x10 stars 


|6 1 . In the text, it says that Eq. 6-6 is valid if the radius r is replaced with the semi-major axis s. From 
Fig. 6-16, the distance of closest approach 7' min is seen to be r mm = s - es = s (l - e ) , and so the 


semi-major axis is given by s = 


1 - e 


T 2 


An- 


GM, 


— » 


SgrA 


f 


M 


SgrA 


A7l 2 s 2 

GT 2 


An~ 


1 - e 


Att 


123 AUx 


1.5xl0 n m^ 3 
1AU 


1-0.87 


GT 2 


(6.67 x 10”“ N*m 2 /kg 2 ) 


15. 2y x 


3.156x10 7 s^ 2 

Ty 


= 7.352 xl0 36 kg = 7.4xl0 36 kg 


M SgrA _ 7.352 xl0 36 kg 
M Sun 1.99xl0 30 kg 
our Sun. 


3.7xl0 6 


and so SgrA is almost 4 million times more massive than 


M fti 

62. (a) The gravitational force on the satellite is given by F rav = G — ^ — , where r is the distance of 

grav r - 

the satellite from the center of the Earth. Since the satellite is moving in circular motion, then 
the net force on the satellite can be written as F net = mv 2 /r. By substituting v = 2 nr/T for a 


circular orbit, we have F . = 


Andnr 


. Then, since gravity is the only force on the satellite, the 


two expressions for force can be equated, and solved for the orbit radius. 
„ M c ,m An 2 mr 

Earth v 


V — 


f GM E , n J 2 ) 

1/3 

(6.67 x 10 _ " N-nf/kg 2 ) (6.0 x 10 24 kg) (6200 s) 2 

Ar J 


An 2 


= 7.304x10' Tn = 


7.3x10 m 
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( b ) From this value the gravitational force on the satellite can be calculated. 

'NafL = (6.67x10-" N-mVkg 5 ) ( 6,0Xl °“ ke ) (5500ke) 

(7.304 x 10 6 m) 


F = G- 

grav 


= 4.126x10 4 N 


4.1x10 4 N 


(c) The altitude of the satellite above the Earth’s surface is given by the following. 


r-R Eart h = 7.304x10 in-6.38xl0 in = 


9.2x10 111 


63. Y our weight is given by the law of universal gravitation. The derivative of the weight with respect 
to time is found by taking the derivative of the weight with respect to distance from the Earth’s 
center, and using the chain rule. 

dW dW dr 


m r m 

W = G 


dt 


dr dt 


-2G^ 


64. The speed of an orbiting object is given in Example 6-6 as v = ^ GM/r , where r is the radius of the 
orbit, and Mis the mass around which the object is orbiting. Solve the equation for M. 

(5.7xl0' 7 m)(7.8xl0 5 m/s) 2 


v = 


= JGM /r -» M = = ■ , „ . 

V 7 G (6.67x10 N*nr/kg~) 


5.2xl0 39 kg 


The number of solar masses is found by dividing the result by the solar mass. 
# solar masses = ■ 


M galaxy 5.2xl0 39 kg 




2x10 kg 


2.6x10 solar masses 


65. Find the “new” Earth radius by setting the acceleration due to gravity at the Sun’s surface equal to 
the acceleration due to gravity at the “new” Earth’s surface. 


& Earth & Sun 


GM Earth GM Sun 


M„ 


Earth 

new 


M c , 


= (6.96xl0 8 m), 


1 5.98 xl0 24 kg 
'1.99xl0 3 °kg 


1.21x10 m 


, about \ the actual Earth radius. 


66. (a) See the free-body diagram for the plumb bob. The attractive gravitational force 


nwi , 


on the plumb bob is F u = G — — . Since the bob is not accelerating, the net 

force in any direction will be zero. Write the net force for both vertical and 

M 

horizontal directions. Use e = G — 

Rl 



2 >. 


= F t cos 6 - mg = 0 — > F t = 


mg 


h „nz 0 „,ai =F M -F T sm6 = 0 


cos 9 

F u = F t sin 6 = mg tan 0 


r mm u 

g ~F~ 


= mg tan 6 


9 = tan 1 G 


m, 


gDl, 


tan 


1 w m^e 2 


Dt 

Earth M 
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( b ) We estimate the mass of Mt. Everest by taking its volume times its mass density. If we 
approximate Mt. Everest as a cone with the same size diameter as height, then its volume is 

V = \nr 2 h = 1^(2000 m)“ (4000 m) = 1.7 xl0“’nT. The density is p = 3xl0 3 kg/m 3 . Find 
the mass by multiplying the volume times the density. 


M = p V = (3 x 1 0 3 kg/m 3 ) (l .7 x 1 0 10 m 3 ) = |5xl0|/kg 
(c) With D = 5000 m, use the relationship derived in part (a). 

(5xl0 13 kg)(6.38xl0 6 m) 
(5.97 xl0 24 kg) (5000 

m ) 


i M..R: , 
6 = tan — 

M ,D~ 

Earth M 


= tan 


> x 1 0 4 degrees 


|67.| Since all of the masses (or mass holes) are spherical, and g is being 
measured outside of their boundaries, we can use the simple 
Newtonian gravitation expression. In the diagram, the distance r = 
2000 m. The radius of the deposit is unknown. 

GM . 

missing 

_ _ dirt GM oi i 

g actual g full g missing g oil § full 2 2 

Earth dirt mass Earth r T 


f 




Sfull 

Earth 


M . -M .. 

missing oil 

V dirt J 



G 


A g = TT r u n ~g, 


M . . -M .. 

missing oil 

dirt 


full <-> actual 
Earth 


f 


1 GV, 


X 

V . . p . . 

missing 7 missing 

— VJ>* 

oil 

1 2 

P missing 

_ Po\\ 

y dirt dirt 

7 

1 r 

^ dirt 

y 


v 2 r 


oil 10 7 * G ( 


Pm 


Pm 


missing # oil 

V dirt j 


y _ = G\ 

r 2 

E(9.80m/s’) (2000m) 


10 


■g 


10 


(6.67x10^' N.nr/kg 2 ) (3000 -800) kg/m 2 


-5.34xl0 7 m 3 


5xl0 7 m 3 


r 

deposit 


( 3V., ) 

i/ j 


oil 

= 234 m = 

200 m 

V 4x J 




, ^deposit - V*P* = 4-27 x 10 10 kg = 4 x 10 10 kg 


68. The relationship between orbital speed and orbital radius for objects in orbit around the Earth is 
given in Example 6-6 as v = Jg M B mA /r. There are two orbital speeds involved - the one at the 

original radius, v 0 = Jg M Earth / r 0 , and the faster speed at the reduced radius, 

V = \]G dearth /( 7 0 _ Ar ) • 

(a) At the faster speed, 25,000 more meters will be traveled during the “catch-up” time, t. Note that 


r n = 6.38xl0 6 m + 4xl0 5 m = 6.78x10m. 


( 


vt = vj + 2.5x10 m 


M 

q Earth 


VV r o _ Ar J V 


t = 


M 

Q _ Earth 


^ + 2.5x10 m 


A 0 J 
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69. 


If the ring is to produce an apparent gravity equivalent to that of 
Earth, then the normal force of the ring on objects must be given by 
/\ = mg. The Sun will also exert a force on objects on the ring. 

See the free-body diagram. Write Newton’s second law for the 
object, with the fact that the acceleration is centripetal. 

Tj F=F r = F su„ +/7 n =mv 2 /r 

M TYl 

Substitute in the relationships that v = InrjT , F N = mg, and F Sun = G — ^ — , and solve for the 

r 

period of the rotation. 




The force of the Sun is only about 1/1600 the size of the normal force. The force of the Sun could 
have been ignored in the calculation with no significant change in the result given above. 
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70. For an object to be apparently weightless would mean that the object would have a centripetal 
acceleration equal to g. This is really the same as asking what the orbital period would be for an 
object orbiting the Earth with an orbital radius equal to the Earth’s radius. To calculate, use 

g = a c - v 2 / 7? Earth , along with v = 2 7rR Eirth / T , and solve for T. 


An~R c 


g = 


R r 


R P . 6.38x10 m 

T = 2n . — - 2n . — 


g 


9.80m/s 


5.07x10 s 


(~ 84.5 min) 


GM C 


71. The speed of an object orbiting a mass is given in Example 6-6 as v = , — 

V r 


1.5v and v„ = 


GM q 


{ 


-» 1.5v = 


GM q 


gaa 

— > 1.5. ^ 


GM C 




1.5 


0.44r 


72. From the Venus data, the mass of the Sun can be determined by the following. Set the gravitational 
force on Venus equal to the centripetal force acting on Venus to make it orbit. 


m. 


GM q m, nr, v„ 

Sun Venus Venus Venus 


2 nr 


Venus 

orbit 


T 

^ Venus j 


2 

' Venus 


Venus 

orbit 


An tn Vems r Vems 


GT: 


Atc~ 

'Venus 


M Su„ - ‘ 


^All.sto 


Then likewise, for Callisto orbiting Jupiter, M 


Jupiter 


GT:. 


- , and for the Moon orbiting the Earth, 


4 nd'h. 

Moon 


M„ 


GT] 


-. To find the density ratios, take the mass ratios with the mass expressed as density 


times volume, and expressed as found above. 


4 n 2 r 3 

'Callisto 


M 


Jupiter 


M. 


n — nr 

• Jupiter 3 Jupiter 
P Sun T^Sun 


GT: 


4^ 2 4nus 


— » 


GT: 


P 


Jupiter 


orbit 


T ^ r^ 

^ Venus # Sun 


(0.01253) 3 (224.7) 2 


1 


A, 


Aamsto Anus Apitet (16.69) (0.724) (0.0997) 

orbit 


0.948 


And likewise for the Earth-Sun combination: 


A 


Moon 7jL. rl_ (0.003069) (224.7)" 


Venus Sun 


A, 


rr 2 3 3 

/ r r 

Moon Venus Earth 


(27.32)" (0.724) (0.0109) 


3.98 
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73. The initial force of 120 N can be represented as F grav = 
(a) The new radius is 1.5 times the original radius. 


GM 


planet 


= 120N. 


F = 

new 

radius 


GM, , GM, , GM, , 

planet planet planet 


1 


(l.5r) 2 


2.25 r 2.25 


(120N) = 


53 N 


(b) With the larger radius, the period is T = 7200 seconds. As found in Example 6-6, orbit speed 
can be calculated by v = 

4tt (3.0xl0 7 m) 3 


GM 2 nr 

v = A — — M — 


4 n 2 r 


74. The density of the sphere is uniform, and is given by p = 

M 


GT 2 (6.67 xlO _11 N-m 2 /kg 2 ) (7200s) 2 

M 


3.1x10 kg 


y7lr 


. The mass that was removed to 


make the cavity is M cavity = nV Ci = 

4 Jtr 


(f^(r/2) 3 j = |M. The net force on the point mass can 


be found by finding the force due to the entire sphere, and then subtracting the force caused by the 
cavity alone. 


GMm G(jM)m 

F =F . - F . = kl > = GMm 

net sphere cavity ,2 /, /^ \ 2 


6 


(r/ - r/2)‘ 


1 


1 


d 2 $(d-r/2) 


GMm 

r,_ > ) 

d 2 

1 

00 

1 

^ 

to 


75. (a) We use the law of universal gravitation to express the force for each mass m. One mass is 
“near” the Moon, and so the distance from that mass to the center of the Moon is R... - R, . 

7 EM E 

The other mass is “far” from the Moon, and so the distance from that mass to the center of the 


Moon is R„. + R c . 

EM E 


GM,. m 

Moon 


F = 

near / r» \2 

M °°n ( R eu ~ R e ) 

GM h 


K = 


GM.. m 

Moon 


Moon (*EM+* E ) 


m 


r F A 

near 

V F far J 


( R eu~ R eY 

GM Uoon m 


f R EU. + ^E ^ 


V ^EM 


R 


E J 


^ 3.84 x 10 8 m + 6.38x 10 6 m^ 2 
v 3.84xl0 s m-6.38xl0 6 m y 


1.0687 


(*em+*e) 

(. b ) We use a similar analysis to part (a). 


F = 


GM ^ m 

bun 


near / \z 

S “" ( r ES- r E ) 


F f = 

far 


GM sJ rl 


tar / \ Z 

M °°n (f ES + f E j 


4 F ^ 

near 

V F far J 


GM Sun™ 

(^ES ~ r E ) 
GM Sun m 
( r ES r E ) 


f Am + ^ 




^ 1.496 x 10" m + 6.38 xl0 6 m^ 2 
v 1.496xl0 11 m-6.38xl0 6 m y 


1.000171 
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(c) For the average gravitational force on the large masses, we use the distance between their 
centers. 

GM„ 


GM„ M P 

77 Sun Earth 

^Sun — 2 

^ES 

GM 0 M c 


f m = ■ 

Moon 


Moon Earth 

2 

r 

'em 


F r 2 M r 2 

x Sun _ 'ES _ Sun 'EM _ 

(l.99xl0 30 kg) I 

(3.84 x 10 8 m) 2 

p GM., M c r 2 M 1 

1 Moon Moon Earth 'ES lr± Moon 1 

2 V 

1.496xl0“m) 

/I 

(7.35xl0 22 kg) 


178 


(d) Apply the expression for A F as given in the statement of the problem. 


R. 


r F A 

near 1 


AF„ 


V F far 


r F A 

near 1 


J Moon 


F. 


F r 


Moon V far 


/ Moon 


AF 


F. 


r F A 

near 1 


V F far 


F„ 


f p A 

near 1 


J 


V F far 


1 (1.0687-1) 

178 (1.000171-1) 


2.3 


J 


76. The acceleration is found from the law of universal gravitation. Using the chain rule, a relationship 
between the acceleration expression and the velocity can be found which is integrated to find the 
velocity as a function of distance. The outward radial direction is taken to be positive, so the 
acceleration is manifestly negative. 


„ n m E m 

t = ma = -G — — 


-Gm, — = vdv 

E 2 

r 


Gm E Gm E 2 
^ £ - = iv / -» v f =± 


Gm r dv dv dr dv 

r 2 dt dr dt dr 


Gm, 


• = v- 


dv 

dr 


r E 1 V f 

r dr c 

Gm, 

- Gm f — = vdv — > 

E 

j r z j 

2 r E 0 

r 


= i v / 


2 1- 


\Gm 

\Gm 

J -> v - 

J 

V r E 

V r E 


The negative sign is chosen because the object is moving towards the center of the Earth, and the 
outward radial direction is positive. 


77. Equate the force of gravity on a mass m at the surface of the Earth as expressed by the acceleration 
due to gravity to that as expressed by Newton’s law of universal gravitation. 


mg = 


GFl ..^m ^ Eart ^ S^Earth 3g _ 3g 3g 


R : 




-7rR 

Earth 3 /t '- tv Earth 


P 

3(l0m/s 2 ) 


4 npR E 


r 

4 np Earlh 


2 PC E 


In 

3 


2 (3000kg/ m 3 )(4 x 10 7 m) 

This is roughly twice the size of the accepted value of G. 


= 1.25x10" 


m 


kg*s" 


1x10" 


m 


kg*s 


78. (a) From Example 6-6, the speed of an object in a circular orbit of radius r about mass M is 


GM 


v - . 


. Use that relationship along with the definition of density to find the speed. 


GM 


v - , 


2 GM Gp\nr 
— » v* = = ■ 


— > 
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3v 


r = 


3(22 m/s)" 


I AnGp V 4n (6.67 x 1 0"“ N-m 2 /kg 2 ) (2700 kg/m 3 ) 


= 25330m = 


2.5x10 m 


2 nr 2 nr 2^(25330m) 

(b) v = -> T = = — ! - = 7234s • 

T v 22 m s 


2. Oh 


79.| (a) The graph is shown. 


(. b ) From the graph, we get this 
equation. 


r = 


/ , \ 1/3 

< T 2 -0.3412^ 
0.9999 


T 2 = 0.9999r 3 + 0.3412 



■{T = 247.7 y) = 


/ ? \ 1/3 

< 247.7’ - 0.3412 ' 


0.9999 


39.44 AU 




K quoted value for the means distance of Pluto is 39.47 AU. The spreadsheet used for this 
problem can be found on the Media Manager, with filename “PSE4_ISM_CH06.XLS,” on tab 
“Problem 6.79.” 
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Responses to Questions 

[l] “Work” as used in everyday language generally means “energy expended,” which is similar to the 
way “work” is defined in physics. However, in everyday language, “work” can involve mental or 
physical energy expended, and is not necessarily connected with displacement, as it is in physics. So 
a student could say she “worked” hard carrying boxes up the stairs to her dorm room (similar in 
meaning to the physics usage), or that she “worked” hard on a problem set (different in meaning 
from the physics usage). 

2. Yes, she is doing work. The work done by her and the work done on her by the river are opposite in 
sign, so they cancel and she does not move with respect to the shore. When she stops swimming, the 
river continues to do work on her, so she floats downstream. 

3. No, not if the object is moving in a circle. Work is the product of force and the displacement in the 
direction of the force. Therefore, a centripetal force, which is perpendicular to the direction of 
motion, cannot do work on an object moving in a circle. 

4. You are doing no work on the wall. Your muscles are using energy generated by the cells in your 
body and producing byproducts which make you feel fatigued. 

5. No. The magnitudes of the vectors and the angle between them are the relevant quantities, and these 
do not depend on the choice of coordinate system. 

6. Yes. A dot product can be negative if corresponding components of the vectors involved point in 
opposite directions. For example, if one vector points along the positive x-axis, and the other along 
the negative x-axis, the angle between the vectors is 1 80°. Cos 1 80° = -1 , and so the dot product of 
the two vectors will be negative. 

[7] No. For instance, imagine C as a vector along the +x axis. A and B could be two vectors with the 
same magnitude and the same x-component but with v-components in opposite directions, so that 
one is in quadrant I and the other in quadrant IV. Then A*C = B*C even though A and B are 
different vectors. 

8. No. The dot product of two vectors is always a scalar, with only a magnitude. 

9. Yes. The normal force is the force perpendicular to the surface an object is resting on. If the object 
moves with a component of its displacement perpendicular to this surface, the normal force will do 
work. For instance, when you jump, the normal force does work on you in accelerating you 
vertically. 

10. (a) If the force is the same, then F = k x x x = k 2 x 2 , so x, = k x x x /k 2 . The work done on spring 1 will 

be W x = jk x x x . The work done on spring 2 will be W 2 = \k 2 x\ =jk 2 (k x x 2 / k 2 ) = W x (kjk 2 ) . 
Since k x > k 2 , W 2 >W X , so more work is done on spring 2. 

(. b ) If the displacement is the same, then W x = \k x xr and W 2 = \k 2 x 2 . Since k x > k 2 , W x >W 2 , so 
more work is done on spring 1 . 
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11. The kinetic energy increases by a factor of 9, since the kinetic energy is proportional to the square of 
the speed. 

12. Until the x = 0 point, the spring has a positive acceleration and is accelerating the block, and 
therefore will remain in contact with it. After the x = 0 point, the spring begins to slow down, but (in 
the absence of friction), the block will continue to move with its maximum speed and will therefore 
move faster than the spring and will separate from it. 

13. The bullet with the smaller mass has a speed which is greater by a factor of yjl ~ 1.4. Since their 

kinetic energies are equal, then \m x vl = |m 2 v 2 2 . If m 2 = 2m , , then \ • 2 m{v\, so 

Vj = V2 v 2 . They can both do the same amount of work, however, since their kinetic energies are 
the same. (See the work-energy principle.) 

14. The net work done on a particle and the change in the kinetic energy are independent of the choice 
of reference frames only if the reference frames are at rest with respect to each other. The work- 
energy principle is also independent of the choice of reference frames if the frames are at rest with 
respect to each other. 

If the reference frames are in relative motion, the net work done on a particle, the kinetic energy, and 
the change in the kinetic energy all will be different in different frames. The work-energy theorem 
will still be true. 

15. The speed at point C will be less than twice the speed at point B. The force is constant and the 
displacements are the same, so the same work is done on the block from A to B as from B to C. 

Since there is no friction, the same work results in the same change in kinetic energy’. But kinetic 
energy depends on the square of the speed, so the speed at point C will be greater than the speed at 

point B by a factor of yfl, not a factor of 2. 


Solutions to Problems 

[l] The force and the displacement are both downwards, so the angle between them is 0°. Use Eq. 7-1. 
W G = mgd cos 9 = (280kg)(9.80m/s 2 )(2.80m)cos0° = 7.7xl0 3 J 


2. The rock will rise until gravity does -80.0 J of work on the rock. The displacement is upwards, but 
the force is downwards, so the angle between them is 180°. Use Eq. 7-1. 


W G = mgd cos 6 


, W g -80.0 J ryn — 

d = - — = 7 — r = 4.4 1 m 

mgcost? (l.85kg)(9.80m/s )(-l) 


3. The minimum force required to lift the firefighter is equal to his weight. The force and the 
displacement are both upwards, so the angle between them is 0°. Use Eq. 7-1. 

W ai mb = E limb t/ cos^ = /wgi/ cos^ = (75.0 kg)(9.80m/s 2 )(20.0m)cos0° = 1.47xl0 4 J 


4. The maximum amount of work would be the work done by gravity. Both the force and the 
displacement are downwards, so the angle between them is 0°. Use Eq. 7-1. 

W a = mgd cos 6 = (2.0kg)(9.80m/s 2 )(0.50m)cos0° = 9.8 J 
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This is a small amount of energy. If the person adds a larger force to the hammer during the fall, 
then the hammer will have a larger amount of energy to give to the nail. 


5. The distance over which the force acts is the area to be mowed divided by the width of the mower. 

The force is parallel to the displacement, so the angle between them is 0°. Use Eq. 7-1. 

A . . 200 m 2 

W = Fd cos 0 = F — cos # = ( 1 5 N ) 

w 0.50m 


6000 J 


6. Consider the diagram shown. If we assume that the man pushes 
straight down on the end of the lever, then the work done by the 
man (the “input” work) is given by W l = F l h l . The object moves a 

shorter distance, as seen from the diagram, and so W Q = F 0 h 0 . 
Equate the two amounts of work. 

F h 

W =W — > F h -Fh — > — T = — L 

F i K 

h / 

But by similar triangles, we see that — - - — , and so 


F / 

1 o _ f±_ 

F / 

1 i ‘o 



0 


Draw a free-body diagram of the car on the incline. The minimum work 
will occur when the car is moved at a constant velocity. Write Newton’s 
second law in the x direction, noting that the car is unaccelerated. Only the 
forces parallel to the plane do work. 

y' J F x =F V - mg sin 0 = 0 — > F p = mg sin 6 
The work done by F p in moving the car a distance d along the plane 
(parallel to F p ) is given by Eq. 7-1. 

W p = Fpd cos0° = mgd sin# = (950 kg) (9.80 m/s 2 ) (3 10 m) sin 9.0° 



4.5x10 5 J 


8. The first book is already in position, so no work is required to position it. The second book must be 
moved upwards by a distance d , by a force equal to its weight, mg. The force and the displacement 
are in the same direction, so the work is mgd. The third book will need to be moved a distance of 2d 
by the same size force, so the work is 2 mgd. This continues through all seven books, with each 
needing to be raised by an additional amount of d by a force of mg. The total work done is 
W = mgd + 2mgd + 3mgd + 4m gd + 5 mgd + 6mgd + 7 mgd 


= 2%mgd = 28 (1.8 kg) (9.8 m/s 2 ) (0.040 m) 


2.0x10' J 


Since the acceleration of the box is constant, use Eq. 2- 12b to find the distance moved. Assume that 
the box starts from rest. 

d = x-x 0 =v Q t + \at 2 = 0 + y(2.0 m/s 2 ) (7.0s)" = 49 m 
Then the work done in moving the crate is found using Eq. 7-1. 

W ~ Fd cos0° = mad = (6.0kg)(2.0m/s 2 )(49m) = 


590 J 
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10. (a) 

(b) 


Write Newton’s second law for the vertical direction, with up as positive. 

^F =F L -Mg = Ma = M(0.10g) F L = 

The work done by the lifting force in lifting the helicopter a vertical distance h 
is given by Eq. 7-1. The lifting force and the displacement are in the same 
direction. 


l.lOMg 


W L =F l /7COs0°= 1.10 Mgh 



1 1 . The piano is moving with a constant velocity down the plane. F p is the 

force of the man pushing on the piano. 

(a) Write Newton’s second law on each direction for the piano, with an 
acceleration of 0. 

X F y = F -< - m S cos# = 0 -> F N = mg cos 9 
F = mg sin 9 - F p = 0 — > 

F p = mg sin 9 = mg sin 9 

= (380kg) (9.80m/s 2 )(sin27°) = 1691 N « |l700N 

( b ) The work done by the man is the work done by F p . The angle between F p and the direction of 
motion is 180°. Use Eq. 7-1. 

W r =F p d cosl80° = ~(l691N)(3.9m) = -6595J ~ |-660 qT . 

(c) The angle between the force of gravity and the direction of motion is 63°. Calculate the work 
done by gravity. 

W G = F c d cos 63° = mgd cos 63° = (380 kg) (9.80 m/s 2 ) (3.9m) cos 63° 

= 6594 N ~ [6600J~ 

(d) Since the piano is not accelerating, the net force on the piano is 0, and so the net work done on 
the piano is also 0. This can also be seen by adding the two work amounts calculated. 

W net = W ? + W a = -6.6x10 3 J + 6.6x 10 3 J = [pj~ 

12. (a) The motor must exert a force equal and opposite to the force of gravity on the gondola and 

passengers in order to lift it. The force is in the same direction as the displacement. Use Eq. 

7-1 to calculate the work. 

W molx = F motor d cos 0° = mgd - (2250kg)(9.80m/s 2 )(3345m-2150m) = 2.63xl0 7 J 

(b) Gravity would do the exact opposite amount of work as the motor, because the force and 
displacement are of the same magnitude, but the angle between the gravity force and the 
displacement is 180°. 

W a = F G d cosl80° = -mgd = -(2250kg)(9.80m/s 2 )(3345m-2150m) = -2.63xlQ 7 J 

(c) If the motor is generating 10% more work, than it must be able to exert a force that is 10% 
larger than the force of gravity. The net force then would be as follows, with up the positive 
direction. 

F cl = F motor - F g = 1 . 1 mg - mg = 0. 1 mg -ma — » a = 0. lg = 0.98 m/s 2 
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(a) 


(b) 


The gases exert a force on the jet in the same direction as the displacement of the jet. From the 
graph we see the displacement of the jet during launch is 85 m. Use Eq. 7-1 to find the work. 


Ks = F ^ d cos 0° = ( 1 30 x 1 0 3 N) ( 85 m) 


1. 1 x 10 7 J 


The work done by catapult is the area underneath the graph in Figure 7-22. 
trapezoid. 


W 


catapult 


f(ll00xl0 3 N +65xl0 3 N)(85m) 


5.0x10 7 J 


That area is a 


14. (a) 


See the free-body diagram for the crate as it is being pulled. Since the 
crate is not accelerating horizontally, F ? = F b = 230 N. The work done to 

move it across the floor is the work done by the pulling force. The angle 
between the pulling force and the direction of motion is 0°. Use Eq. 7-1. 


W p = F p d cos0° = (230 N)(4.0 m)(l) 


920 J 



(b) 


See the free-body diagram for the crate as it is being lifted. Since the crate is not 
accelerating vertically, the pulling force is the same magnitude as the weight. The 
angle between the pulling force and the direction of motion is 0°. 

W p = F p d cos0° = mgd = (2200N) (4.0m) = 


8800J 


Ay F p 

A 


pi 


15. Consider a free-body diagram for the grocery cart being pushed up the 
ramp. If the cart is not accelerating, then the net force is 0 in all 
directions. Thi s can be used to find the size of the pushing force. The 
angles are tj) = \l° and 9 = 12°. The displacement is in the x-direction. 
The work done by the normal force is 0 since the normal force is 
perpendicular to the displacement. The angle between the force of 
gravity and the displacement is 90° + 9 = 102°. The angle between the 
normal force and the displacement is 90°. The angle between the 
pushing force and the displacement is total work done is <p + 9 = 29°. 



^ F r -F p cos (</>+9)~ mg sin 9 - 0 


F p - 


mg sin 9 
cos (0 + 9) 


W mg = W grfcosll2° = (16kg) (9.80 m/s 2 ) (15 m) cos 102° 


-490 J 


^=^cos90° = |o] 


W p - F p d cos 29° = 


mg sin 


12° 'j 


l cos 29° J 
(I6kg)(9.80m/s 2 )(l5m)sinl2° = 


d cos 29° = mgd sin 12° 


490 J 


16. Use Eq. 7.4 to calculate the dot product. 

A-B = AB x + A y B r + A_B_ = (2.0x 2 )(l 1.0) + (-4.0 jc)(2.5jc) + (5.0) (0) = 22x 2 - 10x 2 


12x 2 
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17. Use Eq. 7.4 to calculate the dot product. Note that i = li + Oj + Ok, j = Oi + lj + Ok, and 
k = 0i + 0j + lk. 

i.y = ( I ) V x + (0)F + (0)V = V j-V = (0 )V x + (l)V y + (0 )V = V y 
k»V = (0) V x + (0) E + (l) F = V z 

18. Use Eq. 7.4 and Eq. 7.2 to calculate the dot product, and then solve for the angle. 

A-B = AB x + AB v + AB_ = (6.8) (8.2) + (-3.4) (2.3) + (-6.2) (-7.0) = 91.34 

J = ^(6.8 2 ) + (-3.4) 2 + (-6.2) 2 =9.81 B = ^(8.2 2 ) + (2.3) 2 + (-7.0) 2 =11.0 

T - „ ,A-B , 91.34 

A-B = 55 cos# — > o' = cos = cos 

AB (9.81) (1 1.0) 


32° 


19. We utilize the fact that if B = B x i + B y j + B_ k, then -B = (-5 V ) i + (-5 v j j + ( -B_ ) k. 

A-(-B) = A (-«,)+ 4 (~B,) + A (-«,) 

= (~A)(B,) + (-A) («, ) + (-A) (« ) = -A-B 

20. See the diagram to visualize the geometric relationship between the two vectors. 

The angle between the two vectors is 138°. 


V,*V 2 = vy 2 cos e = (75) (58) cosl38° = |-3200 




21. If A is peipendicular to B , then A*B = 0. Use this to find B. 

A-B = AB +AB =(3.0)5 +(l.5)5 =0 ^ B =-2.0 B 

xx yy\/x\Jy y x 


Any vector B that satisfies B v =-2.0 B x will be peipendicular to A. For example, B= 1.5i-3.0j 


22. Both vectors are in the first quadrant, so to find the angle between them, we can simply subtract the 
angles of each of them. 


d = (l.Oi + 5.0j)m — > d = 

(а) W = FdcosO = j^x/20 (V26jm cos[tan~‘5.0 

(б) W = Fd x + Fd =(2.0N) (1.0m) + (4.0N) (5.0m) = 


■ tan 


2 

q 

ii 

r-f 

§ 

i 4.0 , 

= tan 2.0 


2.0 

m ; (f) d = tan -1 

5.0 , 

= tan 5.0 

1.0 

2.0]= 22 J 



22 J 


23. ( a ) A-(b + C) = (9.0i - 8.5j)-[(— 8.0i + 7.1j + 4.2k) + (6.8i - 9.2j)] 

= (9.0i - 8.5 j)-(— 1 .2i - 2.1j + 4.2k) = (9.0) (-1.2) + (-8.5) (-2.1) + (0)(4.2) = 7.05 « 
(. b ) (A + c)-B = [(9.0i - 8.5 j) + (6.8i - 9.2 j)]-(-8.0i + 7. lj + 4.2k) 
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(l5.8i - 17.7j)«(-8.0i + 7.1j + 4.2k) = (15.8) (-8.0) + (-17.7) (7.1) + (0) (4.2) 


= -252 = -250 


(c) (B + A)-C = [(-8.0i + 7.1j + 4.2k) + (9.0i - 8.5j)]-(6.8i - 9.2j) 

= (l.Oi - 1.4j + 4.2k)-(6.8i - 9.2j) = (l.O) (6.8) + (-1.4) (-9.2) + (4.2) (0) 


= 19.68 « 20 


24. We assume that the dot product of two vectors is given by Eq. 7-2. Note that for two unit vectors, 
this gives the following. 

i*i = (l)(l)cos0° = 1 = j*j = k*k and i»j = (l)(l)cos90° = 0 = i«k = j*i = j»k = k»i = k»j 
Apply these results to A*B. 

A*B = ( Ai + AJ + 4_k).(5 t i + BJ + 5k) 

= A B i»i + A B i»j + A B i»k + A B j»i + A B j» j + A B j*k + A B k»i + A B k* j + A B k*k 

xx x y J x z y-vJ y yJ J y zJ z x z y J z z 

= A A (1) + A B y (0) + AB, (0) + AB x (0) + AB y (l) 

+ AB z (0) + A B, (0) + A B, (0) + A z B z (l) 


= AB +AB +AB 

xx y y z z 


[25.[ If C is perpendicular to B , then OB = 0. Use this along with the value of OA to find C. We 
also know that C has no z-component. 

C = Ci + Cj ; C-B = CB + C B =0 ; C-A = C A +C A =20.0 -» 

x y>* 7 x x y y 7 x x y y 

9.6 C +6.7C = 0 ; -4.8C +6.8C =20.0 

x y 7 x y 

This set of two equations in two unknowns can be solved for the components of C. 

9.6 C +6.7C =0 ; -4.8C +6.8C =20.0 -» C =-1.4,C =2.0 -» 

x y 7 x y x 7 y 


C = -1.4i + 2.0j 


• • 222222 

26. We are given that the magnitudes of the two vectors are the same, so A x + A + A; = B~ + B~ + B_. 

If the sum and difference vectors are perpendicular, their dot product must be zero. 

A + B = (A x + B x )\ + (A v + B v ) j + (A z +B z )k 

A-B = (A -B x )i + ( A v - B y ) j + ( A z - B , ) k 

(A + B).( A -B) = (T+ B, )(A- B, ) + (A v + B ) (A y - B ) + (A z + B_ )(A- B_ ) 

= A 2 - B 2 + Al - B 2 + A 2 - B 2 = (A 2 + A 2 + A 2 )- (b 2 + B 2 + B 2 ) = 0 

* x y y z z \ x y z J \ x y z ) 


27. Note that by Eq. 7-2, the dot product of a vector A with a unit vector B would give the magnitude 
of A times the cosine of the angle between the unit vector and A . Thus if the unit vector lies along 
one of the coordinate axes, we can find the angle between the vector and the coordinate axis. We 
also use Eq. 7-4 to give a second evaluation of the dot product. 

V«i = V cos# =V x -» 
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V V 20.0 

9 = cos 1 — = cos 1 , = cos 1 , ' = = 52.5° 

V yjv; + K+K yl(20.0) 2 + (22.0) 2 + (-U.0) 2 

V 22 0 

9, = cos 1 — = cos' . = 1 48.0° 

V A /(20.0) 2 +(22.0) 2 +(-14.0) 2 

9_ = cos -1 — = cos -1 7 14'^ =■ = 115° 

V y(20.0) 2 + (22.0) 2 + (-14.0) 2 

28. For the diagram shown, B + C = A,or C = A - B. Let the magnitude of each vector 
be represented by the corresponding lowercase letter, so |c| = c, for example. The 

angle between A and B is 9. Take the dot product C*C. 

C.C = (A - B).( A - B) = A.A + B-B - 2A-B -+ c 2 = a 2 + b 2 - 2abcos9 

29. The scalar product is positive, so the angle between A and B must be acute. But the direction of 
the angle from A to B could be either counterclockwise or clockwise. 

A.B = AB cos 9 = (12.0) (24.0) cos 0 = 20.0 -» 9 = cos 1 — -86.0° 

v /v ' (12.0) (24.0) 

So this angle could be either added or subtracted to the angle of A to find the angle of B. 

9 b = 9 a ±9 = 27.4° ± 86.0° = |ll3.4° or -58.6°(301.4°) 

30. We can represent the vectors as A = Ai + A v j = ^coseri + ^sinctj and B = B x i + B j 

= B cos J3i + B sin /? j. The angle between the two vectors is a - /3. Use Eqs. 7-2 and 7-4 to express 
the dot product. 

A*B = AB cos (a - /3) = A x B x +A v B = A cos aB cos /3 + A sin aB sin /? — > 

ABcos(a- 0) = AB cos a cos /3 + AB sin a sin /3 — » cos(ct-^) = cos a cos /3 + sin asin/8 

31 J (a) Use the two expressions for dot product, Eqs. 7-2 and 7-4, to find the angle between the two 
vectors. 

A *B = AB cos 9 - A B + AB + AB — > 

xx y y z z 

. A B +AB +AB 
9 = COS -1 -L-I tL_t £_L 

AB 

= cos -i (l.0)(-1.0) + (l.0)(l.0) + (-2.0)(2.0) 

Ft o -> — 1 1 / 2 Ft 0 — 1 1 / 2 

( 1 . 0 ) +( 1 - 0 ) +(- 2 . 0 ) ] [(- 1 . 0 )- +( 1 . 0 )- +( 2 . 0 ) ] 

= cos -1 (~t) = 132° ~ fl30° 

( b ) The negative sign in the argument of the inverse cosine means that the angle between the two 
vectors is obtuse. 
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32. To be perpendicular to the given vector means that the dot product will be 0. Let the u nk nown 
vector be given as u = u \ + u v j. 

u»(3.0i + 4.0j) = 3.0w r + 4 -Om^ — > u y =-0.75u x ; unit length — > if + u 2 y - 1 — > 

1 


+ u 2 = u 2 + (- 0 . 75 m ) = 1 . 5625 m 2 - 1 

y x \ x / x 


u = ± 


Vl.5625 


= ± 0.8 


m v = +0.6 


So the two possible vectors are u = 0.8i - 0.6j 


and 


u = -0.8i + 0.6 j 


Note that it is very easy to get a non-unit vector perpendicular to another vector in two dimensions, 
simply by interchanging the coordinates and negating one of them. So a non-unit vector 

perpendicular to (3.0i + 4.0 j) could be either (4.0i-3.0j) or (-4.0i-t-3.0j). Then divide each of 

those vectors by its magnitude (5.0) to get the possible unit vectors. 


33. From Figure 7-6, we see a graphical interpretation of the scalar product 
as the magnitude of one vector times the projection of the other vector 

onto the first vector. So to show that A*(B + C j = A*B + A*C is the 

same as showing that A(B + = ^(b)^ + -4(c) , where the 

subscript is implying the component of the vector that is parallel to 
vector A . From the diagram, we see that (B + C) = (b) + (c) . 

Multiplying this equation by the magnitude of vector A gives 

^4(B + C) = v4(b) + y4(c) (| . But from Figure 7-6, this is the same as 

a.(b + c) = A«B + A*C. So we have proven the statement. 



34. The downward force is 450 N, and the downward displacement would be a diameter of the pedal 
circle. Use Eq. 7-1. 

W = Fd cos# = (450 N) (0.36 m) cos 0° = |l60J 


35. 


The force exerted to stretch a spring is given by F trctch = kx 
(the opposite of the force exerted by the spring, which is 
given by F = -kx. A graph of F iretch vs. x will be a 

straight line of slope k through the origin. The stretch from 
X\ to Jt 2 , as shown on the graph, outlines a trapezoidal area. 
This area represents the work. 

W = + kx 2 ) ( x 2 - x, ) = \k (xj + x, ) (x 2 - x t ) 

= y(65N/m) (0.095 m) (0.035 m) = 


0.1 1J 



36. For a non-linear path, the work is found by considering the path to 
be an infinite number of infinitesimal (or differential) steps, each of 
which can be considered to be in a specific direction, namely, the 
direction tangential to the path. From the diagram, for each step we 
have dW = F •<// = Fd£ cos#. But d£ cos 6 = -dy, the projection 
of the path in the direction of the force, and F = mg , the force of 
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gravity. Find the work done by gravity. 

W g - | F-d 7 = | mg cos 6d£ - mgj" ( —dy ) = -mgh 

This argument could even be extended to going part way up the hill, and then part way back down, 
and following any kind of path. The work done by gravity will only depend on the height of the 
path. 

37. | See the graph of force vs. distance. The work 

done is the area under the graph. It can be found 
from the formula for a trapezoid. 

W ~ 7 ( 12.0 m + 4.0 m) (380 N) 

= 3040 J ~ [rOxlO 3 J 

The spreadsheet used for this problem can be 
found on the Media Manager, with filename 
“PSE4_1SM_CH07.XLS,” on tab “Problem 7.37.” 

38. The work required to stretch a spring from equilibrium is proportional to the length of stretch, 
squared. So if we stretch the spring to 3 times its original distance, a total of 9 times as much work 
is required for the total stretch. Thus it would take 45.0 J to stre tch the spring to a total of 6.0 cm. 
Since 5.0 J of work was done to stretch the first 2.0 cm, 40.0 J of work is required to stretch it the 
additional 4.0 cm. 

This could also be done by calculating the spring constant from the data for the 2.0 cm stretch, and 
then using that spring constant to find the work done in stretching the extra distance. 



39. The x-axis is portioned into 7 segments, so each segment is 1/7 of the full 20.0-m width. The force 
on each segment can be approximated by the force at the middle of the segment. Thus we are 
performing a simple Riemann sum to find the area under the curve. The value of the mass does not 
come into the calculation. 

7 7 

W = Yj F A x i = Ax^F. = f (20.0m) ( 18 ° N + 200N + 175N + 125N + 110N + 100N + 95 N) 

1=1 1=1 

= i (20.0m)(985N) - [2800J 

Another method is to treat the area as a trapezoid, with sides of 180 N and 100 N, and a base of 20.0 
m. Then the work is W = y(20.0m)(l80N + 100N) ~ 2800 J. 


40. The work done will be the area under the F x vs. x graph. 

( a ) From x = 0.0 to x = 10.0 m, the shape under the graph is trapezoidal. The area is 

W a = (400N)y(l0m + 4m) = 1 2800 J . 

( b ) From x = 10.0m to x = 15.0m, the force is in the opposite direction from the direction of 
motion, and so the work will be negative. Again, since the shape is trapezoidal, we find 

W a - (-200N) y(5m + 2m) = -700J. 

Thus the total work from x = 0.0 to x = 15.0m is 2800 J - 700 J = 2100 J . 
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41. Apply Eq. 7-1 to each segment of the motion. 


W ~ W x + W 2 + W 3 = F l d l cos 6* + F 2 d 2 cos d 2 + F 3 d 3 cos 0 3 


= (22N) (9.0m) cos 0° + (38N) (5.0 m) cosl2° + (22N) (13.0 m) cos 0° = 


670 J 


42. Since the force only has anx-component, only the x-displacement is relevant. The object moves 
from x = 0 to x = d. 

d d 

W = J F x dx = | kx 4 dx - 


kkd 5 


|43.| Since we are compressing the spring, the force and the displacement are in the same direction. 

X X 

W - j Fdx = j (kx + ax 3 + bx 4 ) dx = 


\kX 2 +\aX 4 +\bX 5 


44. Integrate the force over the distance the force acts to find the work. We assume the displacement is 
all in the x-direction. 


W = 


J.F(x)dx = | (l50x-190 x 2 ^jdx 


75x 


190 
x 

3 J 


2.49 J 


45. Integrate the force over the distance the force acts to find the work. 

1.0 m 1.0m ^ 

W= j F x dx = J ~T^dx = 2Asfx^° m = 2(2.0N»m 1/2 )(l.0m) 1/ 

o o VX 

Note that the work done is finite. 


4.0 J 


46. Because the object moves along a straight line, we know that the x-coordinate increases linearly from 
0 to 10.0 m, and the v-coordinate increases linearly from 0 to 20.0 m. Use the relationship developed 
at the top of page 170. 

x h y h 10.0m 20.0 m 

W - | F x dx + | F y dy - | 3.0 xdx+ | 4.0ydy - y(3.0x 2 ) o +{(4.0v‘) o = 150 J + 800 J 


= 950J 


47. Since the force is of constant magnitude and always directed at 30° to the displacement, we have a 
simple expression for the work done as the object moves. 


finish 


finish 


finish 


W = | F >d£ = | Fcos30°rf/ = Fcos30° J d£ = F cos2>0°nR ■ 

start start start 


SnFR 


48. The force on the object is given by Newton’s law of universal gravitation, F = G — — . The force is 

r 

a function of distance, so to find the work, we must integrate. The directions are tricky. To use Eq. 

— TYlYYl — — 

7-7 , we have F = -G — — r and d£ = dr r. It is tempting to put a negative sign with the d£ 
r 

relationship since the object moves inward, but since r is measured outward away from the center of 
the Earth, we must not include that negative sign. Note that we move from a large radius to a small 
radius. 
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far 


W = \F-dl= \-G^r.(drv) = - J G^dr = G 




= Gmm E | — 


r E r E + 3300 km j 


= (6.67 x 10'“ N • m 2 /kg 2 ) (2800kg) (5.97 x 10 24 kg) 


6.38xl0 6 m (6.38 + 3.30) xl0 6 m 


6.0x10 J 


K9 


Let y represent the length of chain hanging over the table, and let A represent the weight per unit 
length of the chain. Then the force of gravity (weight) of the hanging chain is F a - Ay. As the next 
small length of chain dy comes over the table edge, gravity does an infinitesimal amount of work on 
the hanging chain given by the force times the distance, F a dy = Aydy. To find the total amount of 

work that gravity does on the chain, integrate that work expression, with the limits of integration 
representing the amount of chain hanging over the table. 

3 0m . . 


y initial 


W= F a dy= Aydy = jAy 2 !8N/m)(9.0 


m 


1.0m 


)= 


72 J 


50. Find the velocity from the kinetic energy, using Eq. 7-10. 


K = \mv 


v = 


EF 12 (6.21 x 10” 21 j) 


m 


5.31xl0~ 


484 m/s 


51. (a) Since K = y/wv 2 , then v = ^2K/m and so \[k . Thus if the kinetic energy is 




tripled, the speed will be multiplied by a factor of | 

(. b ) Since K = y mv 2 , then K oc v 2 . Thus if the speed is halved, the kinetic energy will be 


multiplied by a factor of 1/ 4 


52. The work done on the electron is equal to the change in its kinetic energy. 

W = AK = y ?7iv ^ - \mv 2 { = 0 - {(9.1 1 x 10“ 31 kg) (l.40x 10 6 m/s) 2 = 
Note that the work is negative since the electron is slowing down. 


-8.93x10 19 J 


53. The work done on the car is equal to the change in its kinetic energy. 


W = A K = y 7?7v 2 - \mv] = 0 - y (1300kg) 


(95km/h) 


f 1 m/s ^ 


3.6km/h 


-4.5 x 10 5 J 


Note that the work is negative since the car is slowing down. 


54. We assume the train is moving 20 m/s (which is about 45 miles per hour), and that the distance of “a 
few city blocks” is perhaps a half-mile, which is about 800 meters. First find the kinetic energy of 
the train, and then find out how much work the web must do to stop the train. Note that the web 
does negative work, since the force is in the OPPOSITE direction of the displacement. 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

205 










Physics for Scientists & Engineers with Modern Physics, 4' 1 ' Edition 


Instructor Solutions Manual 


= \K = \mv 2 2 -\mv; = 0 - i(l0 4 kg) (20m/s) 2 = -2xl0 6 J 

train 


W = -±kx 2 = - 2x10 6 J 


k = 


2(2xl0 6 j) 
(800 nr) 


6N/ 


m 


Note that this is not a very stiff “spring,” but it does stretch a long distance. 


55. The force of the ball on the glove will be the opposite of the force of the glove on the ball, by 

Newton’s third law. Both objects have the same displacement, and so the work done on the glove is 
opposite the work done on the ball. The work done on the ball is equal to the change in the kinetic 
energy of the ball. 

^on bail = = 0-i(0.145kg)(32m/s) 2 = -74.24J 

So W . = 74.24 J. But IT , = F . d cos 0°, because the force on the glove is in the same 

on glove on glove on glove 7 ! ~ > 


direction as the motion of the glove. 


. (0.25m) 

on glove \ / 


74.24 J = F 

0 

velocity of the ball. 


-» F 


on glove 


74.24 J 
0.25 m 


3.0x10 N 


in the direction of the original 


56. 


The force exerted by the bow on the arrow is in the same direction as the displacement of the arrow. 
Thus W = Fd cos0° = Fd = (l05N)(0.75m) = 78.75J. But that work changes the kinetic energy of 
the arrow, by the work-energy theorem. Thus 


Fd = W = K, 


■ K { = jmv 2 


1 2 
2 WV 1 


2 Fd 


m 


- + V, =. 


/2 (78.75 J) 
' 0.085kg 


+ 0 = 


43 m/s 


57. (a) 


(b) 


The spring constant is found by the magnitudes of the initial force and displacement, and so 
k = F/x . As the spring compresses, it will do the same amount of work on the block as was 
done on the spring to stretch it. The work done is positive because the force of the spring is 
parallel to the displacement of the block. Use the work-energy theorem to determine the speed 
of the block. 


W = A K = W 

on block block on spring 

during during 

compression stretching 


— > 


i 2 

l mV f 


= ykx = 


F 


— > 


v f = 


Now we must find how much work was done on the spring to stretch it from x/2 to x. This 
will be the work done on the block as the spring pulls it back from x to x/2 . 


W . 

on spring 

during 

stretching 





1 2 3/ 2 

f mv f -jkx — > v. 



\kx 2 -\k{xf 2) 2 = \kx 2 


58. The work needed to stop the car is equal to the change in the 
car’s kinetic energy. That work comes from the force of 
friction on the car. Assume the maximum possible 
frictional force, which results in the minimum braking 


d = stopping distance 
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distance. Thus F tr = jU s F n . The normal force is equal to the car’s weight if it is on a level surface, 
and so F fi = jumg. In the diagram, the car is traveling to the right. 


W = AK — » F & <7cosl80° = \mv 2 -j/wv, — > - /xmgd - -\mv\ — > d - — — 

2 gM, 

Since d °c v, 2 , if increases by 50%, or is multiplied by 1.5, then d will be multiplied by a factor 


of (1.5) , or 2.25 


59. The net work done on the car must be its change in kinetic energy. By applying Newton’s third law, 
the negative work done on the car by the spring must be the opposite of the work done in 
compressing the spring. 

W = AK = -W . — > \mv] - \mv 2 = -\kx 2 — » 

spring 111 1 2 


k -m-j- (1200 kg) 


( 


66km/k 


lm/s 


v 3.6km/h ) 


(2.2m)' 


8.3xl0 4 N/m 


60. The first car mentioned will be called car 1. So we have these statements: 

K l = \ K 2 > 1 V 1 = l (\ m 2 V l ) ; ^ uas , = K 2 m ( V 1 + 7 - 0 ) 2 = \ m 2 ( V 2 + 7 ‘ 0 ) 2 

Now use the mass information, that m = 2m,,. 

\2m 2 vl = ; \2 m 2 (v, + 7.0)" - \m 2 (v 2 + 7.0)" — > 

2v t =v 2 ; 2(v, + 7.0) 2 = (v 2 + 7.0) 2 -> 2 (v, + 7.0) 2 = (2v, + 7.0) 2 

1 0 

V2 (v, + 7.0) = (2Vj + 7.0) -» v, = -j= = 4.9497 m/s ; v 2 = 2v t = 9.8994 m/s 

\2 


Vj - 4.9 m/s ; v, = 9.9 m/s 


|6 1 . The work done by the net force is the change in kinetic energy. 
W = A K = -jmv 2 - y W7V i 2 


t( 4. 5kg) (I5.0m/s)“ + (30.0m/s)" -y(4.5kg) (I0.0m/s)" + (20.0m/s)" 


1400J 


62. ( a ) From the free-body diagram for the load being lifted, write Newton’s second law for 
the vertical direction, with up being positive. 

^F = F t - mg = ma = 0. 150 mg — > 


2.99x10 N 


F t =l.\50mg = 1.150(265 kg) (9.80 m/s 2 ) = | 

( b ) The net work done on the load is found from the net force. 

W net = F net d cos0° = (0A50mg)d = 0.150(265kg)(9.80 m/s 2 ) (23 ,0m) 



f t 



mg 


1.96x10 J 


(c) The work done by the cable on the load is as follows. 

^/abie ~ F^d cos0° —(l.l 50 mg ) d — 1.15(265 kg ) (9.80 111 /s 2 ) (23.0 m ) — 


6.87x10 J 
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id) 

(<?) 


The work done by gravity on the load is as follows. 

W a = mgd cos 180° = —mgd = - (265 kg) (9. 80 m/s 2 ) (23.0 m) = 

Use the work-energy theorem to find the final speed, with an initial speed of 0. 


-5.97x10 4 J 


W - K - K = \ mvZ - \ mv. 

net 2 1 2 2 2 1 


2 W 


— > 


net + v, 2 = 


2(8.96x10 3 J) 


m 


265 kg 


+ 0 = 


1.22 m/s 


63. (a) The angle between the pushing force and the displacement is 32°. 
W p =F p d cos <9 = (150 N) (5.0 m) cos 32° = 636.0 J = 


640 J 


(b) 

(c) 

id) 


-470 J 


The angle between the force of gravity and the displacement is 122°. 

W a = F a d cos # = mgd cos # = (l8kg)(9.80m/s 2 j (5.0m) cos 122° = -467.4 J 
Because the normal force is perpendicular to the displacement, the work done by the normal 
force is \o\ . 

The net work done is the change in kinetic energy. 


W = W p + W g + W N = AK = \mv f - 1 -mv 2 


— > 


v / = 


2 W 


m 


12(636. 0J-467.4J) 


(18kg) 


4.3 m/s 


64. See the free-body diagram help in the determination of the frictional force. 

y/ F v - F N - F v sin (j)-mg cos 0 = 0 — > F N - F p sin <j) + mg cos Q 

F f = jU k F N = ju k (F r sin tp + mg cos <p) 

(a) The angle between the pushing force and the displacement is 32°. F f 

W p = Fpd cos# = (l 50 N) (5.0m) cos 32° = 636.0 J « 

( b ) The angle between the force of gravity and the displacement is 122°. 

W G = F a d cos# = mgd cos# = (l8kg)(9.80m/s 2 ) (5.0m) cosl22° = -467.4J « 

(c) Because the normal force is peipendicular to the displacement, the work done by the normal 
force is \o\ . 

(d) To find the net work, we need the work done by the friction force. The angle between the 
friction force and the displacement is 180°. 

W f = F f d cos# = ju k ( F p sintp + mg cos <p)d cos 6 

= (0.10)[(l50N)sin32° + (18kg) (9.80m/s 2 )cos32°] (5.0 m) cos 180° = -1 14.5 J 
W = W. p + W +W N + W, '=AK = ^mv] \~\mv 2 

P g N f 2 / 2 i 

2 W 
m 

65. The work needed to stop the car is equal to the change 
in the car’s kinetic energy. That work comes from the force 
of friction on the car, which is assumed to be static friction 
since the driver locked the brakes. Thus F h = ju k F N . Since 
the car is on a level surface, the normal force is equal to the 


d = stopping distance 




/2 ( 636.0 J - 467.4 J - 1 14.5 J) 
' (18kg) 


2.5 m/s 


-470 J 
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car’s weight, and so F {i = fJ, k mg if it is on a level surface. See the diagram for the car. The car is 
traveling to the right. 

W = AK — » F f d cos 180° = \mv 2 2 - \mv 2 — » - ju k mgd -0-\mv 2 — » 


v, - ^2 n k gd - ^2 (0.38) (9. 80 m/s 2 ) (98m) = 27 m/ s 


The mass does not affect the problem, since both the change in kinetic energy and the work done by 
friction are proportional to the mass. The mass cancels out of the equation. 


66. For the first part of the motion, the net force doing work is the 225 N force. For the second part of 
the motion, both the 225 N force and the force of friction do work. The friction force is the 
coefficient of friction times the normal force, and the normal force is equal to the weight. The work- 
energy theorem is then used to find the final speed. 

^,o,ai = W,+W 2 = F pu „d, cos 0° + F pull d 2 cos 0° + F f d 2 cos 180° = AK = j m ( v). - v, 2 ) -» 


v / = 


2 [ F puiiK + d 2 )~M k mgd 2 ] 


m 


"(225N) (21.0m) - (0.20) (46.0kg) (9.80m/s ! )(10 ,0 m) 


(46.0kg) 


1 . 


J 1 

1 3 m/s 


|67.| (a) In the Earth frame of reference, the ball changes from a speed of v, to a speed of v, + v 2 . 
A ^ Eart h = \ m ( v , + V 2 ) 2 - }rnv; = \m (v, 2 + 2v,v 2 + v 2 ) ~\mv\ = mv,v 2 + \mv\ 



( b ) In the train frame of reference, the ball changes from a speed of 0 to a speed of v 2 . 


AK. . = jmv~ — 0 = 

train 2 2 


1 2 
-_mv 2 


( c ) The work done is the change of kinetic energy, in each case. 

■ W = 

’ ' train 


w 

” Earth 



1 2 
f mv 2 


(d) The difference can be seen as due to the definition of work as force exerted through a distance. 
In both cases, the force on the ball is the same, but relative to the Earth, the ball moves further 
during the throwing process than it does relative to the train. Thus more work is done in the 
Earth frame of reference. Another way to say it is that kinetic energy is very dependent on 
reference frame, and so since work is the change in kinetic energy, the amount of work done 
will be very dependent on reference frame as well. 

68. The kinetic energy of the spring would be found by adding together the kinetic energy of each 

M 

infinitesimal part of the spring. The mass of an infinitesimal part is given by dm = — - dx, and the 


speed of an infinitesimal part is v = — v„. C alculate the kinetic energy of the mass + spring. 

D 


K ,=K 

speed m 


+ ^spring = \ mV l + 7 f V ' dm = \ mV l + 7 f[ V 0 ^ 
mass 0 ^ ' 


M, 

D 


2 , , D 

s dx = \mv a + 0 s 


D 


^\^x 2 dx 


0 
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2 , , D> 


= S mV 0 +t r-,3 


D 3 

So for a generic speed v, we have K 


= S v l{ m + I M s) 


H m + i M s ) v2 


69. (a) The work done by gravity as the elevator falls is the weight times the displacement. They are in 
the same direction. 


W G = mgd cos 0° = (925 kg) (9.80 m/s 2 ) (22.5 m) = 2.03 96 x 10 5 J = 


2.04x10 J 


( b ) The work done by gravity on the elevator is the net work done on the elevator while falling, and 
so the work done by gravity is equal to the change in kinetic energy. 


W a = AK = \mv - 0 


v = 


/ 2 (2.0396 x 10 s j) 


21.0m/s 


m y (925kg) 

(c) The elevator starts and ends at rest. Therefore, by the work-energy theorem, the net work done 
must be 0. Gravity does positive work as it falls a distance of (22.5 + x) m, and the spring will 

do negative work at the spring is compressed. The work done on the spring is jkx 2 , and so the 
work done by the spring is -j kx 2 . 


W = W G + JT pring = mg (d + x) - -(fix 2 = 0 
mg ± ^m 2 g 2 -4 (\k) (-mgd) 


\kx 2 - mgx - mgd = 0 


x = 


2(U) 


The positive root must be taken since we have assumed x > 0 in calculating the work done by 
gravity. Using the values given in the problem gives x= 2.37 m 


70. (a) K = \mv 2 = f (3.0xl0~ 3 kg)(3.0m/s) 2 = 1.35xlO -2 J 


1.4x10 J 


(b) K „ , = 0. 35.fi' 

v / actual i 


K 


required 


required 


0.35 


1.35x10 -J 
0.35 


3.9x10"J 


71. 


The minimum work required to shelve a book is equal to the 
weight of the book times the vertical distance the book is moved. 
See the diagram. Each book that is placed on the lowest shelf has 
its center moved upwards by 23.0 cm (the height of the bottom of 
the first shelf, plus half the height of a book). So the work to 
move 28 books to the lowest shelf is W x = 28 mg (0.230 m) . Each 
book that is placed on the second shelf has its center of mass 
moved upwards by 56.0 cm (23.0 cm + 33.0 cm), so the work to 
move 28 books to the second shelf is W 2 = 28 nig (0.560 m) . 


3 rd shelf 



Similarly, W 3 = 28mg (0.890 m) , W 4 = 2Smg (1.220 m) , and W 5 = 28mg (1.550 m). The total work 
done is the sum of the five work expressions. 

W = 28 mg (0.230 m + .560 m + .890 m + 1 .220 m + 1 .550 m) 


= 28 (1.40 kg) (9.80 m/s 2 ) (4.450 m) 


1710 J 
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72. There are two forces on the meteorite - gravity and the force from the mud. Take down to be the 
positive direction, and then the net force is F net = mg - 640 x \ Use this (variable) force to find the 

work done on the meteorite as it moves in the mud, and then use the work-energy theorem to find the 
initial velocity of the meteorite. 

x=5.0 

W = | [mg - 640x 3 ^jdx = ( tugx - 1 60x 4 ) ^ = (75kg) (9.80m/s 2 ) (5.0m) - 160(5.0m) 4 

x=0 

= -9.625 xl0 4 J 

W = AK = \m (v) - v 2 ) — > v i = 


1-2 W 1-2 (-9.625 xl0 4 j) 


m 


(V5kg) 


5 1 m/s 


|73.| Consider the free-body diagram for the block as it moves up the plane. 
(a) K t mv; =i(6. 10kg) (3.25 m/s) 2 =32.22 J: 


32.2 J 


(b) W p =F ? d cos37° = (75.0 N) (9.25 m) cos 37.0° = 554.05 J 


554 J 


(c) W G =fftg^cosl27.0° = (6.10kg)(9.80m/s 2 )(9.25m)cosl27.0° 
= -332.78 J = 1-333 J 



0J 


id) W N = F N d cos 90° = 

(e) Apply the work-energy theorem. 

W M =K 2 -K l 

KE 2 = W UMI +K i =W r + W G + W ii +K l = (554.05 - 332.78 + 0 + 32.22) J 


253 J 


74. The dot product can be used to find the angle between the vectors. 

d ,_ 2 = [(0.230i + 0.133j) xl0“ 9 m] ; d ,_ 3 = [(o.077i + 0.133j + 0.247k) xl0“ 9 m] 

d l2 -d 1 _ 3 = [(0.230i + 0.133j) x 10“ 9 m].[(0.077i + 0. 133j + 0.247k) x 10 _9 m] 

= [3.540xl0~ 2 ]xl0” 18 m 2 

d x _ 2 = ^/(0.230) 2 + (0.133) 2 xl0 _9 m = 0.2657 xl0 _9 m 

d x _ 3 = ^(0.077 ) 2 + (0.133) 2 + (0.247) 2 xl0 _9 m = 0.2909 xl0 _9 m 


d 12 «dj _ 3 = cos^ — » 


n -1 ^ 1-2 *^ 1-3 -1 

8 = cos — 1 — — — = cos 


[3.540 xl0~ 2 ]xl0~ 18 m 2 




(0.2657 x 10 _9 m) (0.2909 x 10 _9 m) 


62. 7 C 


75. Since the forces are constant, we may use Eq. 7-3 to calculate the work done. 

w na = (F, + F 2 )-d = [(l.50i - 0.80j + 0.70k) N + (— 0.70i + 1.20j) N]-[(8.0i + 6.0j + 5.0k) m] 

= [(o.80i + 0.40 j + 0.70k) N]-[(8.0i + 6.0j + 5.0k) m] = (6.4 + 2.4 + 3.5) J = | 


12.3J 
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76. The work done by the explosive force is equal to the change in kinetic energy of the shells. The 
starting speed is 0. The force is in the same direction as the displacement of the shell. 


W = A K = \mv] — \mv 2 = \mv 2 


W = Fd cos 9 — » \mv f = Fd cos 6 — » 


F = 


mv 


f 


2d cos 6 


(1250 kg) (750 m/s) 2 7 

V / )_ _ 2 344 x 10 7 N 


2(l5m) 


2.3x 10 7 N 


2.344x10 N 


lib 


4.45 N 


5.3xl0 6 lbs 


77. We assume the force is in the x-direction, so that the angle between the force and the displacement is 
0. The work is found from Eq. 7-7. 


W = 


x=°° 

| Ae^ L 'dx 


A -la 

x=°° 

^ -O.lOyf 

— e 

— 

— e 

k 

x=0.10 

k 


78. The force exerted by the spring will be the same magnitude as the force to compress the spring. The 
spring will do positive work on the ball by exerting a force in the direction of the displacement. This 
work is equal to the change in kinetic energy of the ball. The initial speed of the ball is 0. 

x=2.0 m 

W - AK = ymv 2 f - ymv 2 - \mv 2 f ; W = J (l50x + 12x 3 )rfx = (75x‘ + 3x 4 ) ^ = 348 J 


v / = 


2 W 
m 


2(348J) 
' 3.0kg 


15 m/s 


|79.| The force is constant, and so we may calculate the force by Eq. 7-3. We may also use that to 
calculate the angle between the two vectors. 

W = F-d = [(lO.Oi + 9.0j + 12.0k) kN]-[(5.0i + 4.0j)m] = | 


86kJ 


F = 


— 1 1/2 i— 

(10. 0) 2 + (9.0) 2 + (12. 0) 2 " kN = 18.0kN ; d = (5.0) 2 + (4.0) 2 


m = 6.40m 


-i W 


1.6x10 J 


W - Fd cos 6 — > 6 = cos 1 — = cos 1 , 

Fd (1.80x10 n) ( 6. 40m) 


42° 


80. (a) The force and displacement are in the same direction. 

W=Fdc os0 ; W = AK -> 

r A K j(0.033kg)(85m/s) 1 

d d 0.32 m 

( b ) Combine Newton’s second law with Eq. 2- 12c for constant acceleration. 

m (v 2 -v 2 ) (0.033 kg) (85 m/s) 2 

F = fflfl = '-L = A Jtll — _L _L = 372 . 5 N 


370N 


2 Ax 


2 (0.32 m) 


370N 


81. The original speed of the softball is (llOkm/h) 


lm/s 

^3.6 km/h j 


= 30.56 m/s. The final speed is 90% of 


this, or 27.50 m/s. The work done by air friction causes a change in the kinetic energy of the ball, 
and thus the speed change. In calculating the work, notice that the force of friction is directed 
oppositely to the direction of motion of the ball. 
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W h = F fr d cos 1 80° = K 2 - K t = \ m ( v\ - v 2 ) 






m 


( v 2 _v i 2 ) mv i (0. 9 2 - 1) (0.25 kg) (30.56m/s) 2 (0.9 2 - 1) 


-2d 


-2d 


-2(15 m) 


1.5N 


82. (a) The pilot’s initial speed when he hit the snow was 45 m/s. The work done on him as he fell 

the 1.1m into the snow changed his kinetic energy. Both gravity and the snow did work on the 
pilot during that 1 . 1 -meter motion. Gravity did positive work (the force was in the same 
direction as the displacement), and the snow did negative work (the force was in the opposite 
direction as the displacement). 


mgd + W = -\mv 2 

snow 2 i 


W ,+W = A K 

gravity snow 

^snow = - mgd = -m (|v: +gd) = -( 88 kg) [ j (45 m/s ) 2 + (9.80 m/s 2 ) (l . 1 m) 


= -9.005 xl0 4 J 


-9.0x10 4 J 


(b) The work done by the snowbank is done by an upward force, while the pilot moves down. 


W =F ,d cos 180° = -F d 


F = — 


W_ 


-9.005 xlO 4 J 


= 8.186x10 N 


8.2x10 N 


d 1.1m 

(c) During the pilot’s fall in the air, positive work was done by gravity, and negative work by air 
resistance. The net work was equal to his change in kinetic energy while falling. We assume he 
started from rest when he jumped from the aircraft. 

W , +W =AK -> mgh + W. = \mv 2 - 0 

gravity air <-> air 2 J 

W mr =\mv 2 f -mgh = m[\v 2 J -g/z) = (88kg) y(45m/s)~ - (9.80m/s 2 ) (370m) 


= -2.3x10 J 


83. 


The (negative) work done by the bumper on the rest of the car must equal the change in the car’s 
kinetic energy. The work is negative because the force on the car is in the opposite direction to the 
car’s displacement. 


W, = A K = 

bumper 


■\kx = 0 -\mv 

2 2 i 


k -m^j- (1050kg)- 


(8km/h) 


V 


lm/s 

3.6km/h 


J. 


(0.015m) 2 


2 x 1 0 7 N/m 


84. The spring must be compressed a distance such that the work done by the spring is equal to the 

change in kinetic energy of the car. The distance of compression can then be used to find the spring 
constant. Note that the work done by the spring will be negative, since the force exerted by the 
spring is in the opposite direction to the displacement of the spring. 



F = ma = -kx 


m (-5.0g) = -kVjJ— 
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k = 


m 


f 5.0 g V 


= (l300kg)(25)- 


(9.80m/s 2 ) 


90 km/ h 


lm/s 

3.6km/h 


J. 


5.0xl0 3 N/m 


85. If the rider is riding at a constant speed, then the positive work input by the rider to the (bicycle + 
rider) combination must be equal to the negative work done by gravity as he moves up the incline. 

The net work must be 0 if there is no change in kinetic energy. 

( a ) If the rider’s force is directed downwards, then the rider will do an amount of work equal to the 
force times the distance parallel to the force. The distance parallel to the downward force 
would be the diameter of the circle in which the pedals move. Then consider that by using 2 
feet, the rider does twice that amount of work when the pedals make one complete revolution. 

So in one revolution of the pedals, the rider does the work calculated below. 

W .. = 2 (0.90m g)d 

rider \ rider o / pedal 

motion 

In one revolution of the front sprocket, the rear sprocket will make 42/19 revolutions, and so 

the back wheel (and the entire bicycle and rider as well) will move a distance of 

(42/19) ( 2^r wheel ) . That is a distance along the plane, and so the height that the bicycle and 

rider will move is h = (42/19) (2 nr wM ) sin 9. Finally, the work done by gravity in moving that 
height is calculated. 

W G = Kder + w b ike ) 8 h cos 180° = - (m rider + ) gh = - (m nder + m bike ) g ( 42/ 1 9 ) (2 nr whed ) sin 

Set the total work equal to 0, and solve for the angle of the incline. 

2 [ 0 - 90 " J nde r g] ^pedal " K.der + ™bike ) 8 (42/l 9 ) (2 TTV^ ) SU1 9 = 0 -» 


W., +W= 0 

rider (j 


e = skr 1 - 


( 0. 90/7? r jdc r ) d 


pedal 

motion 


= sm 


0.90 (65 kg) (0.36 m) 


6.7° 


rider ^bike ) (42/19) K heel ) (77 kg) (42/19)^ (0.34 m) 

(b) If the force is tangential to the pedal motion, then the distance that one foot moves while 
exerting a force is now half of the circumference of the circle in which the pedals move. The 
rest of the analysis is the same. 

f \ 


W nder =2(0.90m mkr g) 


nr 


pedal 
motion J 


w + W = 0 

''rider ~ " G 


— > 


(0.90m rid er)^; 


9 = sin 


pedal 

motion 


0.90(65kg) (0.18m) 

( ^ rider ^bike ) (42/19) (^r wheel ) ““ (77kg) (42/19) (0.34m) 


= sm 


■ = 10.5° 


10 c 


86. Because the acceleration is essentially 0, the net force on the mass is 0. The magnitude of F is found 
with the help of the free-body diagram in the textbook. 

^ F = F t cos 6 - mg = 0 — > F J - m ^ 

cos^ 

y F = F - F t sin G = 0 — > F = F T sin 9 = — — sin 9 = mg tan 9 

cos 9 

(a) A small displacement of the object along the circular path is given by dr = £d 9, based on the 
definition of radian measure. The force F is at an angle 9 to the direction of motion. We use 
the symbol dr for the infinitesimal displacement, since the symbol / is already in use as the 
length of the pendulum. 
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W F = 


w w ^0 0 

jF*i/r = J F cosO/dO = / J [mg tan 6) cos 6d 6 = mg/ J sin 6d6 


= -mg/ cos 9 o ° = mg/ ( 1 - cos 9 0 ) 


(. b ) The angle between mg and the direction of motion is (90 + d) . 

e=e 0 e=e„ 

J mg*dr = mg/ J cos(90° + 6)d0 = -mg/ J sin Odd 


W = 

” G 


= mg/ cos 6 0 ° = mg/ (cos 0 O - l) 


Alternatively, it is proven in problem 36 that the shape of the path does not determine the work 
done by gravity - only the height change. Since this object is rising, gravity will do negative 
work. 

W G = mgd cos0 = mg (height) cos 180° = -mgy final = -mg(Z - / cos9 0 ) 


m 


g/( cos<9 0 -l) 


Since F T is peipendicular to the direction of motion, it does |_0j work on the bob. 

Note that the total work done is 0, since the object’s kinetic energy does not change. 

87. (a) The work done by the arms of the parent will change the kinetic energy of the child. The force 
is in the opposite direction of the displacement. 

2 


W . = \K = K - K = 0 - 7 mv 

parent child t l 2 


W =F d cos 180° 

parent parent 


1 2 T-I 

■y/771^ =~t__ 


mv 2 (l8kg)(25m/sV 

F = — '- = ± ^ = 125N 

parent 


-parent ^ 2 (45m) 

This force is achievable by an average parent. 

(. b ) The same relationship may be used for the shorter distance. 

mv~ (l 8 kg) (25 m/s) 


130N 


28 lbs 


= 469N 


470 N 


1 1 0 lbs 


Fparent 2d 2 (12 m) 

This force may not be achievable by an average parent. Many people might have difficulty with 
a 110 -pound bench press exercise, for example. 


88 . (a) From the graph, the shape of the force 

function is roughly that of a triangle. The 
work can be estimated using the formula 
for the area of a triangle of base 20 m and 
height 1 00 N. 

W ~\" b " "h" = (20.0 m) ( 100 N) 


1000J 


The spreadsheet used for this problem can 
be found on the Media Manager, with 
filename “PSE4_ISM_CF107.XLS,” on tab “Problem 7.88a.” 
( b ) Integrate the force function to find the exact work done. 



zu.um 

W = jFdx= J TlOO-(x-lO ) 2 


dx 
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20.0m 

= | (20x - x 2 )d!x = [lOx 2 - j* 3 ] 00 

0.0 m 


= 1333 J « 


1330 J 


89. (a) The work done by gravity is given by Eq. 7-1. 

W G = mgd cos(90-/9) = (85kg)(9.80m/s 2 )(250m)cos86.0° 


= 1.453x 10 J 


1.5x10 J 


( b ) The work is the change in kinetic energy. The initial kinetic energy 
is 0. 



W. = AK = K e - K . = + mv 2 


v / = 


Iwf _ |2 (l.453 x 10 4 j) 


m 


85 kg 


18 m/s 


90. (a) The work-energy principle says the net work done is the change in kinetic energy. The 

climber both begins and ends the fall at rest, so the change in kinetic energy is 0. Thus the total 
work done (by gravity and by the rope) must be 0. This is used to find x. Note that the force of 
gravity is parallel to the displacement, so the work done by gravity is positive, but the force 
exerted by the rope is in the opposite direction to the displacement, so the work done by the 
rope is negative. 

W nct = + W rope = mg (2/ + x) - j- kx 2 =0 — > \kx 2 - mgx - 2/mg = 0 — > 

mg ± yjm~g~ - 4(jk)(-2/mg) _ mg ± ^m 2 g~ + 4k /mg _ mg | 

k 


x = ■ 


2(H) 


k 


1+1 + 


4k/ 


mg J 


We have assumed thatx is positive in the expression for the work done by gravity, and so the 
“plus” sign must be taken in the above expression. 


Thus x = 


mg 


I 


k 


i + 

V v m s J 


( b ) Use the values given to calculate — and 

/ mg 


x = ■ 


mg 


( 


1 + . 1 +- 


4k/ 




(85kg)(9.80m/s 2 ) 


mg J 


1 + 


x _ 6.665 m 
/ 8.0 m 


0.83 


(850N/m) 

kx _ (850 N/m) (6.665 m) 
mg (85kg)(9.80m/s 2 ) 


I 4 (850 N/m) (8.0 m) 
(85 kg) (9. 80 m/s 2 ) 


= 6.665 m 


= 6.1 


|9T| Refer to the free body diagram. The coordinates are defined simply to 
help analyze the components of the force. At any angle 9 , since the mass 
is not accelerating, we have the following. 

^ F = F - mg sin 9 - 0 — > F = mg sin 9 

Find the work done in moving the mass from 9 = 0 to 9 = 9 0 . 

e=e„ e=e„ 

1T f =Jf«i/s= J F cos0°/d9 = mgZ J sin 9d9 



= -mg / cos 9 1" = mg/ (l - cos 9 0 ) 
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See the second diagram to find the height that the mass has risen. We 
see that h - / - / cos G 0 = / (l - cos <9 0 ) , and so 

W F = mg £ (l - cos 0 Q ) = mgh . 



92. For each interval, the average force for that interval was calculated as the numeric average of the 
forces at the beginning and end of the interval. Then this force was multiplied by 10.0 cm (0.0100 
m) to find the work done on that interval. The total work is the sum of those work amounts. That 
process is expressed in a formula below. The spreadsheet used for this problem can be found on the 
Media Manager, with filename “PSE4_ISM_CH07.XLS,” on tab “Problem 7.92.” 

17-1 


7=1 


w 


applied 


= ZH^ + ^i)A* = 102.03J 


102 J 


93. (a) See the adjacent graph. The best- 
fit straight line is as follows. 

F ... =(l0.0N/m)jc 

The spreadsheet used for this 
problem can be found on the Media 
Manager, with filename 
“PSE4_ISM_CH07.XLS,” on tab 
“Problem 7.93a.” 



(b) 

(c) 


Since E applicd = kx for the stretched spring, the slope is the spring constant. 


k = 


10. ON/ 


m 


Use the best-fit equation from the graph. 


F = kx = (lO.ON/m) (0.200m) = |2.00N 
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Responses to Questions 

[T] Friction is not conservative; it dissipates energy in the form of heat, sound, and light. Air resistance 
is not conservative; it dissipates energy in the form of heat and the kinetic energy of fluids. “Human” 
forces, for example, the forces produced by your muscles, are also not conservative. They dissipate 
energy in the form of heat and also through chemical processes. 

2. The two forces on the book are the applied force upward (nonconservative) and the downward force 
of gravity (conservative). If air resistance is non-negligible, it is nonconservative. 

3. ( a ) If the net force is conservative, the change in the potential energy is equal to the negative of the 

change in the kinetic energy, so A U = -300 J. 

( b ) If the force is conservative, the total mechanical energy is conserved, so A E = 0. 

4. No. The maximum height on the rebound cannot be greater than the initial height if the ball is 
dropped. Initially, the dropped ball’s total energy is gravitational potential energy. This energy is 
changed to other forms (kinetic as it drops, and elastic potential during the collision with the floor) 
and eventually back into gravitational potential energy as the ball rises back up. The final energy 
cannot be greater than the initial (unless there is an outside energy source) so the final height cannot 
be greater than the initial height. Note that if you throw the ball down, it initially has kinetic energy 
as well as potential so it may rebound to a greater height. 

5. (a) No. If there is no friction, then gravity is the only force doing work on the sled, and the system 

is conservative. All of the gravitational potential energy of the sled at the top of the hill will be 
converted into kinetic energy. The speed at the bottom of the hill depends only on the initial 

height h, and not on the angle of the hill. K f = \mv 2 = mgh, and v = (2gh) . 

( b ) Yes. If friction is present, then the net force doing work on the sled is not conservative. Only 
part of the gravitational potential energy of the sled at the top of the hill will be converted into 
kinetic energy; the rest will be dissipated by the frictional force. The frictional force is 
proportional to the normal force on the sled, which will depend on the angle 8 of the hill. 

K f =j mv 2 = mgh -fa = mgh - /umgh cos 6/ sin 6 = mgh{\ -///tan 8), and 

v = \2gh (l - ///tan 6 1 )] 1 ~ , which does depend on the angle of the hill and will be smaller for 
smaller angles. 

6. No work is done on the wall (since the wall does not undergo displacement) but internally your 
muscles are converting chemical energy to other forms of energy, which makes you tired. 

[/] At the top of the pendulum’s swing, all of its energy is gravitational potential energy; at the bottom 
of the swing, all of the energy is kinetic. 

(a) If we can ignore friction, then energy is transformed back and forth between potential and 
kinetic as the pendulum swings. 

(b) If friction is present, then during each swing energy is lost to friction at the pivot point and also 
to air resistance. During each swing, the kinetic energy and the potential energy decrease, and 
the pendulum’s amplitude decreases. When a grandfather clock is wound up, the energy lost to 
friction and air resistance is replaced by energy stored as potential energy (either elastic or 
gravitational, depending on the clock mechanism). 
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8. The drawing shows water falling over a waterfall and then flowing back to the top of the waterfall. 
The top of the waterfall is above the bottom, with greater gravitational potential energy. The optical 
illusion of thhe diagram implies that water is flowing freely from the bottom of the waterfall back to 
the top. Since water won’t move uphill unless work is done on it to increase its gravitational 
potential energy (for example, work done by a pump), the water from the bottom of the waterfall 
would NOT be able to make it back to the top. 

9. For each of the water balloons, the initial energy (kinetic plus potential) will equal the final energy 
(all kinetic). Since the initial energy depends only on the speed and not on the direction of the initial 
velocity, and all balloons have the same initial speed and height, the final speeds will all be the 

same, [if = |mv 2 + mgh = E f = 


10. Yes, the spring can leave the table. When you push down on the spring, you do work on it and it 
gains elastic potential energy, and loses a little gravitational potential energy, since the center of 
mass of the spring is lowered. When you remove your hand, the spring expands, and the elastic 
potential energy is converted into kinetic energy and into gravitational potential energy. If enough 
elastic potential energy was stored, the center of mass of the spring will rise above its original 
position, and the spring will leave the table. 

1 1 . The initial potential energy of the water is converted first into the kinetic energy of the water as it 
falls. When the falling water hits the pool, it does work on the water already in the pool, creating 
splashes and waves. Additionally, some energy is converted into heat and sound. 


12. Stepping on top of a log and jumping down the other side requires you to raise your center of mass 
farther than just stepping over a log does. Raising your center of mass farther requires you to do 
more work, or use more energy. 


13. 


(a) 


(b) 


As a car accelerates uniformly from rest, the potential energy stored in the fuel is converted into 
kinetic energy in the engine and transmitted through the transmission into the turning of the 
wheels, which causes the car to accelerate (if friction is present between the road and the tires). 
If there is a friction force present between the road and the tires, then when the wheels turn, the 
car moves forward and gains kinetic energy. If the static friction force is large enough, then the 
point of contact between the tire and the road is instantaneously at rest - it serves as an 
instantaneous axis of rotation. If the static friction force is not large enough, the tire will begin 
to slip, or skid, and the wheel will turn without the car moving forward as fast. If the static 
friction force is very small, the wheel may spin without moving the car forward at all, and the 
car will not gain any kinetic energy (except the kinetic energy of the spinning tires). 


14. The gravitational potential energy is the greatest when the Earth is farthest from the Sun, or when the 
Northern Hemisphere has summer. (Note that the Earth moves fastest in its orbit, and therefore has 
the greatest kinetic energy >, when it is closest to the Sun.) 

15. Yes. If the potential energy U is negative (which it can be defined to be), and the absolute value of 
the potential energy is greater than the kinetic energy K, then the total mechanical energy E will be 
negative. 

16. In order to escape the Earth’s gravitational field, the rocket needs a certain minimum speed with 
respect to the center of the Earth. If you launch the rocket from any location except the poles, then 
the rocket will have a tangential velocity due to the rotation of the Earth. This velocity is towards the 
east and is greatest at the equator, where the surface of the Earth is farthest from the axis of rotation. 
In order to use the minimum amount of fuel, you need to maximize the contribution of this tangential 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

219 





Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


velocity to the needed escape velocity, so launch the rocket towards the east from a point as close as 
possible to the equator. (As an added bonus, the weight of the rocket will be slightly less at the 
equator because the Earth is not a perfect sphere and the surface is farthest from the center at the 
equator.) 

17. For every meter the load is raised, two meters of rope must be pulled up. The work done on the 
piano must be equal to the work done by you. Since you are pulling with half the force (the tension 
in the rope is equal to half of the weight of the piano), you must pull through twice the distance to do 
the same amount of work. 


18. The faster arrow has the same mass and twice the speed of the slower arrow, so will have four times 
the kinetic energy ( K = f_m \ 2 ). Therefore, four times as much work must be done on the faster 

arrow to bring it to rest. If the force on the arrows is constant, the faster arrow will travel four times 
the distance of the slower arrow in the hay. 


19 


When the ball is released, its potential energy will be converted into kinetic energy and then back 
into potential energy as the ball swings. If the ball is not pushed, it will lose a little energy to friction 
and air resistance, and so will return almost to the initial position, but will not hit the instructor. If 
the ball is pushed, it will have an initial kinetic energy, and will, when it returns, still have some 
kinetic energy when it reaches the initial position, so it will hit the instructor in the nose. (Ouch!) 


20. Neglecting any air resistance or friction in the pivot, the pendulum bob will have the same speed at 
the lowest point for both launches. In both cases, the initial energy is equal to potential energy mgh 
plus kinetic energy \mv 2 , with v = 3.0 m/s. (Notice that the direction of the velocity doesn’t matter.) 

Since the total energy at any point in the swing is constant, the pendulum will have the same energy 
at the lowest point, and therefore the same speed, for both launches. 

21. When a child hops around on a pogo stick, gravitational potential energy (at the top of the hop) is 
transformed into kinetic energy as the child moves downward, and then stored as spring potential 
energy as the spring in the pogo stick compresses. As the spring begins to expand, the energy is 
converted back to kinetic and gravitational potential energy, and the cycle repeats. Since energy is 
lost due to friction, the child must add energy to the system by pushing down on the pogo stick while 
it is on the ground to get a greater spring compression. 

22. At the top of the hill, the skier has gravitational potential energy. If the friction between her skis and 
the snow is negligible, the gravitational potential energy is changed into kinetic energy as she glides 
down the hill and she gains speed as she loses elevation. When she runs into the snow bank, work is 
done by the friction between her skis and the snow and the energy changes from kinetic energy of 
the skier to kinetic energy of the snow as it moves and to thermal energy. 

23. The work done on the suitcase depends only on (c) the height of the table and ( d) the weight of the 
suitcase. 


24. Power is the rate of doing work. Both (c) and (d) will affect the total amount of work needed, and 
hence the power. ( b ), the time the lifting takes, will also affect the power. The length of the path (a) 
will only affect the power if different paths take different times to traverse. 


k5. 


When you climb a mountain by going straight up, the force needed is large (and the distance traveled 
is small), and the power needed (work per unit time) is also large. If you take a zigzag trail, you will 
use a smaller force (over a longer distance, so that the work done is the same) and less power, since 
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the time to climb the mountain will be longer. A smaller force and smaller power output make the 
climb seem easier. 

26. ( a ) The force is proportional to the negative of the slope of the potential energy curve, so the 

magnitude of the force will be greatest where the curve is steepest, at point C. 

( b ) The force acts to the left at points A, E, and F, to the right at point C, and is zero at points B, D, 
and G. 

(c) Equilibrium exists at points B, D, and G. B is a point of neutral equilibrium, D is a point of 
stable equilibrium, and G is a point of unstable equilibrium. 

27. (a) If the particle has ZC, at x (] , then it has both potential and kinetic energy at that point. As the 

particle moves toward xo , it gains kinetic energy as its speed increases. Its speed will be a 
maximum at xq. As the particle moves to x 4 , its speed will decrease, but will be larger than its 
initial speed. As the particle moves to x 5 , its speed will increase, then decrease to zero. The 
process is reversed on the way back to x ( „ At each point on the return trip the speed of the 
particle is the same as it was on the forward trip, but the direction of the velocity is opposite. 

(b) The kinetic energy is greatest at point xo, and least at X5. 

28. A is a point of unstable equilibrium, B is a point of stable equilibrium, and C is a point of neutral 
equilibrium. 


Solutions to Problems 


[l] The potential energy of the spring is given by U A = \kx 2 where x is the distance of stretching or 
compressing of the spring from its natural length. 

— fE. /2(35.0J)_r— — 1 


x = J — 51 = — ^ L = 0.924m 

V k v 82.0 N/m 


2. Subtract the initial gravitational potential energy from the final gravitational potential energy. 
A(7 grav = m sy 2 ~ m sy i = mg (y 2 - y, ) = ( 6.0 kg) (9.8O m/s 2 ) (1 .3 m) = 76 J 


3. The spring will stretch enough to hold up the mass. The force exerted by the spring will be equal to 
the weight of the mass. 

/ x ff7e (2.5 kg) (9.80m/ s 2 ) 

mg = k Ax -> Ax = ^ = - , —L = 0.39m 

k 63N/m 

Thus the ruler reading will be 39 cm + 1 5 cm = 54 cm . 


4. (a) The change in gravitational potential energy is given by the following. 

A[/ g rav = f ng(y 2 -y 1 ) = (56.5 kg) (9.80 m /s 2 ) (2660m -1270m) = |7.7 x 10 s J | 

( b ) The minimum work required by the hiker would equal the change in potential energy, which is 



(c) Yes . The actual work may be more than this, because the climber almost certainly had to 
overcome some dissipative forces such as air friction. Also, as the person steps up and down, 
they do not get the full amount of work back from each up-down event. For example, there will 
be friction in their joints and muscles. 
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5. (a) Relative to the ground, the potential energy is given by the following. 

^grav = m g(y b co k “Aground) = ( 1 ■ 95 kg ) ( 9 . 80 Hl/s 2 ) ( 2.20 Hi) = 


42.0 J 


(b) Relative to the top of the person’s head, the potential energy is given by the following. 
= mg (y book - y head ) = (1 .95 kg) (9.80 m/s 2 ) (2.20 m - 1 .60 m) = 1 1 .47 J 


1 1 J 


(c) The work done by the person in lifting the book from the ground to the final height is the same 


as the answer to part (a), \42.0 J | . In part (a), the potential energy is calculated relative to the 
starting location of the application of the force on the book. The work done by the person is not 
related to the answer to part ( b ), because the potential energy is not calculated relative to the 
starting location of the application of the force on the book. 


6 . Assume that all of the kinetic energy of the car becomes potential energy of the compressed spring. 


2 mv o = \kxLa. 


k = ^ 


(1200 kg) 


(75km/h) 


^ 1 m/s ^ 


3.6km/h 


( 2.2 m)~ 


1.1x10 s N/m 


[/] (a) This force is conservative, because the work done by the force on an object moving from an 

initial position (x, ) to a final position (x 2 ) depends only on the endpoints. 


W = 


"2 2 2 

| F*71 = | Fdx = | (-Ax + ax 3 + bx 4 ^dx = (- 7 Ax 2 + jax 4 + jbx 3 ) 


= (- \kx\ + \ax\ + ybx\ ) - (- 7 Ax , 2 + /-ax/ + \bx [ ) 

The expression for the work only depends on the endpoints. 

(b) Since the force is conservative, there is a potential energy function U such that F = - . 

dx 


F x = (-Ax 


3 7 4 \ 3(7 

+ ax + bx I = - - 


dx 


U (x) = jkx 2 - \ax 4 - jbx 3 + C 


The force is found from the relations on page 189. 

dU , . dU , . 

F x = = - ( 6 x + 2y ) F = = - (2x + 8 yz) 

dx " ' dy 


i ( - 6 x - 2y ) + j ( -2x - 8 yz ) + k ( -4y 2 ) 


F = ■ 


8 z 


9. Use Eq. 8-6 to find the potential energy function. 

A . A 


U (x) = - J F (x) dx + C = - J -dx + C 

A 


U (2.0m) = - 


2 ( 2 . 0 m ) 2 


x 

- + C = 0 


c = 


2x" 

A 


+ C 


8 m‘ 


TT , x A A 
* ~ 2 x 2 + 8 m 2 


10. Use Eq. 8-6 to find the potential energy function. 


U (x) = - J F (x) dx + C = - j A sin (kx)dx + C = — cos (Ax) + C 
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t/(o) = — + c = o 

k 

1 1 . The forces on the skier are gravity and the normal force. The normal force is 
perpendicular to the direction of motion, and so does no work. Thus the skier’s 
mechanical energy is conserved. Subscript 1 represents the skier at the top of 
the hill, and subscript 2 represents the skier at the bottom of the hill. The 
ground is the zero location for gravitational potential energy (y = 0) . We have 

v, =0, y l - 125 m, and y 2 = 0 (bottom of the hill). Solve for v 2 , the speed at the bottom. 
\mv 2 + mgv l = \mv 2 + mgy 2 — > 0 + mgy l - \mv\ +0 — > 
v 2 = -yj 2gy t = ^2 (9.80m/s 2 )(l25m) = 49m/s (~ 1 lOmi/h) 




12. The only forces acting on Jane are gravity and the vine tension. The tension 

pulls in a centripetal direction, and so can do no work - the tension force is \ 

perpendicular at all times to her motion. So Jane’s mechanical energy is \ 

conserved. Subscript 1 represents Jane at the point where she grabs the vine, and \ 

subscript 2 represents Jane at the highest point of her swing. The ground is the \ 

zero location for gravitational potential energy (y = 0). We have v, = 5.0m/s, v 2 ,y 2 

y, = 0, and v 2 = 0 (top of swing). Solve for y 2 , the height of her swing. 

v i ’ Ti 

Y m\\ + mg\\ = y tnv 2 + mgy 2 — > \ mv~ +0 = 0 + mg\’ 2 — > 


vj 2 _ (5.0 m/s)' 
2g ” 2(9.80 m/s 2 ) 


= 1.276m = 1.3m 


No , the length of the vine does not enter into the calculation, unless the vine is less than 0.65 m 
long. If that were the case, she could not rise 1.3 m high. 


13. We assume that all the forces on the jumper are conservative, so that the mechanical energy of the 
jumper is conserved. Subscript 1 represents the jumper at the bottom of the jump, and subscript 2 
represents the jumper at the top of the jump. Call the ground the zero location for gravitational 
potential energy (y = 0). We have y, =0, v 2 = 0.70m/s, and y, = 2.10m. Solve for v p the speed 
at the bottom. 

Y m\\ + mgy x = j mv\ + mgy 2 — > j mv, + 0 = \ mv\ + mgy 2 — > 

Vj = +2gy 2 = ^(0.70m/s)' +2(9.80m/s 2 )(2.10 m) = 6.454 m/s « 6.5 m / s 


14. The forces on the sled are gravity and the normal force. The normal force is 
perpendicular to the direction of motion, and so does no work. Thus the sled’s 
mechanical energy is conserved. Subscript 1 represents the sled at the bottom of 
the hill, and subscript 2 represents the sled at the top of the hill. The ground is 
the zero location for gravitational potential energy (y = 0) . We have y t = 0, 



v 2 = 0, and y\ =1.12 m. Solve for y, the speed at the bottom. Note that the angle is not used. 
Y my/ + mgy ] = mv\ + /?7gy , — \ mv~ +0 = 0 + mgy 2 
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15. Consider this diagram for the jumper’s fall. 

(a) The mechanical energy of the jumper is conserved. Use y 
for the distance from the 0 of gravitational potential energy 
and x for the amount of bungee cord “stretch” from its 
unstretched length. Subscript 1 represents the jumper at 
the start of the fall, and subscript 2 represents the jumper at 
the lowest point of the fall. The bottom of the fall is the 
zero location for gravitational potential energy ( y = 0), 

and the location where the bungee cord just starts to be 
stretched is the zero location for elastic potential energy 
(x = 0). We have 1^=0, y : = 31 m, x, = 0, v 2 = 0, 
y 2 = 0, and x 2 = 19 m. Apply conservation of energy. 


- - O /> - . gt ar t 0 f f a n 

12 m 

' - - -Q-A|- - A . Contact with bungee 
cord. 0 for elastic PE 


19m 

. _Q_/>_ . _ Bottom of fall, 0 for 

gravitational PE 


E t =E 2 


k 


> | m\\ + mgy ] + j kx[ = j mv 2 + mgyy + \ kx 2 — > mg\\ = { kx 
2mgy 1 _ 2(55 kg)(9.80m/s 2 )(31 m) 


(19 m) 2 


■ = 92.57 N/m« 93 N/m 


a = ■ 


g=- 


m 


(55 kg) 


■9.80m/s 2 = 22.2m/s 2 = 22m/s 




( b ) The maximum acceleration occurs at the location of the maximum force, which 
occurs when the bungee cord has its maximum stretch, at the bottom of the fall. 
Write Newton’s second law for the force on the jumper, with upward as positive. 

F ne, = F cord “ = kX 2 “ m S = 

kx, (92.57 N/m) (19 m) 


o±\ 


1 cord 

/ 

w 

mg 


16. (a) Since there are no dissipative forces present, the mechanical energy of the person-trampoline- 
Earth combination will be conserved. We take the level of the unstretched trampoline as the 
zero level for both elastic and gravitational potential energy. Call up the positive direction. 
Subscript 1 represents the jumper at the start of the jump, and subscript 2 represents the jumper 
upon arriving at the trampoline. There is no elastic potential energy involved in this part of the 
problem. We have v, = 4.5 m/s, y t = 2.0 m, and y 2 = 0. Solve for v 2 , the speed upon arriving 
at the trampoline. 

£j = E 2 — > f 7?7v 2 + 7?7gy, = j mv\ + /77gy 2 — » j 7?7v 2 + mgy l = j mv\ + 0 

v 2 = ±^v 2 +2gVj = ±^(4.5m/s)‘ + 2^9.80m/s 2 j (2.0 m) = ±7.710m/s « 

The speed is the absolute value of v 2 . 

( b ) Now let subscript 3 represent the jumper at the maximum stretch of the trampoline, and x 
represent the amount of stretch of the trampoline. We have v 2 = -7.7 10 m/s, y 2 =0, x 2 = 0, 

v 3 = 0, and x 3 = y r There is no elastic energy at position 2, but there is elastic energy at 
position 3. Also, the gravitational potential energy at position 3 is negative, and so y 3 < 0. A 
quadratic relationship results from the conservation of energy condition. 

E 2 = E, — > j 777 V 2 + 777gy 2 +\kx\ =J 777 V 3 2 + 777gV 3 + \ kx] — > 

{ mv\ +0 + 0 = 0 + 7?7g)7 3 + j ky\ — > } ky\ + mg\> 3 - j mv 2 =0 —> 

~mg ± Jm 2 g- - 4 (^)(-} 777 v 2 ) - mg ± Jm 2 g 2 + kmv\ 

y '~ 2 {\ k ) ~ k 


7.7 m/s 
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-(72kg)(9.80 m/s 2 )±^( 72kg) 2 (9.80 m/s 2 ) 2 + (5.8 x 10 4 N/ m )(72kg)(7.71m/s) 2 

(5.8xl0 4 N/m) 

= -0.284 m , 0.260 m 
Since y 3 < 0 , y } = -0.28m . . 


The first term under the quadratic is about 500 times smaller than the second term, indicating 
that the problem could have been approximated by not even including gravitational potential 
energy for the final position. If that approximation were made, the result would have been 
found by taking the negative result from the following solution. 




17. Take specific derivatives with respect to position, and note that E is constant. 


E = \mv 2 + U 


dE , 

dv 

dU 

dv 

dU 

— = 

2v — 

+ 

= mv V 


dx 

v dx , 

dx 

dx 

dx 


, , , , , dv dx dv dv 

Use the chain rule to change v — to = — . 

dx dt dx dt 

dv dU dv dU 

mv 1 = 0 — > m — = — » \ma = F 

dx dx dt dx 

The last statement is Newton’s second law. 


18. ( a ) See the diagram for the thrown ball. The speed at the top of the path / 

will be the horizontal component of the original velocity. / 

v top = v 0 eos^ = (8.5m/ s ) c0 s36 o = 6.9m/s 

( b ) Since there are no dissipative forces in the problem, the mechanical 

energy of the ball is conserved. Subscript 1 represents the ball at the release point, and 
subscript 2 represents the ball at the top of the path. The ball’s release point is the zero location 
for gravitational potential energy (y = 0) . We have v, =8.5 m/s , y x = 0, and v 2 = v, cos 0. 

Solve for y 2 . 

—> |mv 2 +mgy l =\mv 2 2 +mgy 1 — > \mv[ + 0 = ymv 2 cos 2 6 + mgy 2 — > 

v, 2 (l-cos 2 1?) (8.5m/s)" (l-cos 2 36°) 

y, = = — — = 1.3 m 

2g 2 (9.80m/ s 2 ) 

This is the height above its throwing level. 


■= 1.3m 


19. Use conservation of energy. The level of the ball on the uncompressed 
spring is taken as the zero location for both gravitational potential energy 
( y = 0) and elastic potential energy (x = 0) . It is diagram 2 in the figure. 
Take “up” to be positive for bothx and y. 

(a) Subscript 1 represents the ball at the launch point, and subscript 2 

represents the ball at the location where it just leaves the spring, at the 
uncompressed length. We have v, =0, x x = y x = -0.160 m, and 

x 2 = y 2 = 0. Solve for v 2 . 
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E l -E 2 — » 1 777 V, + 777gy, + y loc " = y 777 V* + 777gy, + y Ax' —> 


0 + mgy, + y Ax , 2 = \ mv 2 +0 + 0 — > v 2 - 


I Ax , 2 + 2mg\\ 


777 


(875 N/ m)(0.160 m)" +2(0.380 kg)(9.80m/s 2 )(-0.160 m) 


7.47 m/s 


(0.380 kg) 

( b ) Subscript 3 represents the ball at its highest point. We have v, =0, x, = y, = -0.160 m, v 3 = 0, 
and x 3 = 0. Solve for y 3 . 

E x = E } — > y 777 V , 2 + 7 ? 7 gy, + y Ax , 2 = t 7 ??v 3 2 + 7 ? 7 gy, + \kx] — > 

Ax , 2 _ (875N/m)(0.160m) 2 


0 + 7 ? 7 gy, + j Ax , 2 = 0 + mgv 2 +0 -> y 2 - y, = 


2m g 2 (0.380 kg) (9.80 m/s 2 ) 


3.01m 


20. Since there are no dissipative forces present, the mechanical energy of the roller coaster will be 
conserved. Subscript 1 represents the coaster at point 1, etc. The height of point 2 is the zero 
location for gravitational potential energy. We have v, = 0 and y, = 32 m. 

Point 2: / wv , 2 + mgy t = 7 / 77 v) + mgy 2 ; y 2 = 0 — > mgy x =\mv\ — > 
v 2 = ^J2gy~ l = yj 2 (9.80m/s 2 ) (32 111 ) = 25 m/s 


Point 3: yTwv, 2 + 777g_v, = y 777 + mgv } ; y 2 = 26 m — > mgy x = \ mv\ + mgv 3 


v 3 = V 2 ^(Ti-J 3 ) = ^2(9.80m/s 2 )(6m) = |llm/s 


Point 4: 7 777 v, 2 + 77ig_v, = fmv 2 4 + mgv 4 ; _v 4 = 14 m — > 777g_v, = 7777V 2 + 777gv, 
v 4 = ^2g{y l - y 4 ) = ^2(9.80m/s 2 )(l8m) = 1 1 9 m/s 


2 1 . With the mass at rest on the spring, the upward force due to the spring must be the same as the 
weight of the mass. 

kd = mg — > d = 

k 

The distance D is found using conservation of energy. Subscript 1 represents the mass at the top of 
the uncompressed spring, and subscript 2 represents the mass at the bottom of its motion, where the 
spring is compressed by D. Take the top of the uncompressed spring to be the zero location for both 
gravitational and elastic potential energy (y = 0) . Choose up to be the positive direction. We have 

v, = v 2 = 0, y, = 0, and y 2 = -D. Solve for D. 

E i= E i 7 mv i + m gy 1 + 7 ^Ti 2 = 7 mv l + m §y 2 + J fyl 


0 + 0 + 0 — 0 — 777 gZ) + fkD~ 


D = 


2m g 

k 


We see that \D = 2d L and so D ■£ d. 


The reason that the two distances are not equal is that putting 


the mass at rest at the compressed position requires that other work be done in addition to the work 
done by gravity and the spring. That other work is not done by a conservative force, but done 
instead by an external agent such as your hand. 
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22. (a) Draw a free-body diagram for each block. Write 

Newton’s second law for each block. Notice that the 
acceleration of block A in they A is 0 zero. 

Z F a = F n - m s§ cos 6> = 0 -» F n = m A g cos 9 
Z F vi = - m A & sin 6 = >n A a xA 

Z F v 2 = = ™B« ,B -> ( g + « vB ) 

Since the blocks are connected by the cord, 
a B = a xA = a. Substitute the expression for the tension force from the last equation into the x 

direction equation for block 1 , and solve for the acceleration. 

ni B (g + a) - m A g sin 6 = m A a — » m B g - m A g sin G = m A a + m B a 

(m n -m A smO) ( 5 .0kg - 4.0kgsin32°) 

a — g - — ^- = (9.80m/s 1- — 


3.1m/s 


(m A + /?7 b ) v ' ' 9.0 kg 

(b) Find the final speed of m B (which is also the final speed of m A ) using constant acceleration 
relationships. 


v 2 = v 2 + 2a Ay — > v 2 = 2g 


( 7 


^ ) 


(m A + m B ) 


h 


v f ~ i 2 gh 




) 


= 2(9.80m/s 2 )(0.75m) 


(5.0 kg -4. 0 kg sin 32°) 


2.2m/s 


(m A +m B ) \ v /v ' 9.0kg 

(c) Since there are no dissipative forces in the problem, the mechanical energy of the system is 
conserved. Subscript 1 represents the blocks at the release point, and subscript 2 represents the 
blocks when m B reaches the floor. The ground is the zero location for gravitational potential 

energy for m B , and the starting location for m A is its zero location for gravitational potential 
energy. Since m B falls a distance h, m A moves a distance h along the plane, and so rises a 
distance h sin 9. The starting speed is 0. 

E l = E 2 — » 0 + m A gh = j (m A + m B ) v 2 + m B gh sin 9 — » 



llgh 

( m. - m n sin ^ 

V 2 =■.! 




l m A + m B J 


This is the same expression found in part ( b ), and so gives the same numeric result. 

23. At the release point the mass has both kinetic energy and elastic potential energy. The total energy is 
Y mv 2 + y kx 2 0 . If friction is to be ignored, then that total energy is constant. 

(a) The mass has its maximum speed at a displacement of 0, and so only has kinetic energy at that 
point. 


1 2 i 1 7 2 1 

|mv 0 + = {mv. 


2 

max 


— ^ V — 

max 


k 

2 , K 2 
v o+— x o 
m 


( b ) The mass has a speed of 0 at its maximum stretch from equilibrium, and so only has potential 
energy at that point. 


\mv n +\kxZ = x kx" 

2 0 2 0 2 max 


X max - 


, m , 

k 
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24. ( a ) The work done against gravity is the change in potential energy. 

Against = Au = m 8 (t 2 " T, ) = ( 75 .0 kg) ( 9.80 m/s 2 ) ( 1 25 m) = 

gravity 

( b ) The work done by the force on the pedals in one revolution is equal to the average tangential 
force times the circumference of the circular path of the pedals. That work is also equal to the 
potential energy change of the bicycle during that revolution, assuming that the speed of the 
bicycle is constant. Note that a vertical rise on the incline is related to the distance along the 
incline by rise = distance x (sin#) . 

^peda! = Kn 2 ™' = At/ grav = "f?(4>’) lrev = ^ lrcv Sin# -» 
force 1 rev 


9.19x10 4 J 


F 


m gd\ rev sin 9 

2 nr 


(75.0kg) (9.80m/s 2 ) (5. 10m)sin9.50° 
2^(0. 180m) 


547 N 


25 


Since there are no dissipative forces in the problem, the mechanical 
energy of the pendulum bob is conserved. Subscript 1 represents the 
bob at the release point, and subscript 2 represents the ball at some 
subsequent position. The lowest point in the swing of the pendulum is 
the zero location for potential energy (y = 0) . We have v, = 0 and 
y 1 = / ( 1 - cos 0) . The “second” point for the energy conservation will 
vary from part to part of the problem. 

( a ) The second point is at the bottom of the swing, so y 2 = 0. 



E x -E 2 — > \mv 2 x +mgy l =\mv 2 2 +mgy 2 — > mg/ (1 - cos30.0°) = \mv\ — > 


(. b ) The second point is displaced from equilibrium by 15.0°, so y 2 = /(l -cos 15.0°). 
E ] = E 2 — > j mv~ + mgy l = f mv 2 + mgy 2 — > 


v, = 


V2g/(1 - cos30.0°) = J2 (9.80 m/ s 2 ) (2.00 m) (l - cos30.0°) = 2.29m/s 


mg/{\ - cos30.0°) = ytnv 2 2 + mg/(\ -cosl5.0°) — > v 2 = ^2g/(cosl5.0°- cos30.0°) 


(c) 

(d) 


= ^2(9.80m/s 2 )(2.00m)(cosl5.0°-cos30.0°) = 1.98 m/s 


The second point is displaced from equilibrium by -15.0°. The pendulum bob is at the same 
height at -15.0° as it was at 15.0°, and so the speed is the same. Also, since 

cos ( — #) = cos(#), 


the mathematics is identical. Thus v 2 = 


1.98 m/s 


The tension always pulls radially on the pendulum bob, and so is related to the 
centripetal force on the bob. The net centripetal force is always mv 2 /r. Consider the 
free body diagram for the pendulum bob at each position. 


(a) F t - mg = 


mv 


F t = m 


f v 2A 

g+ 7 

V * J 


— m g + 


2g/(l-cos30.0°) 


/ 


J 


■ mg (3 2 cos 30.0°) = (0.0700 kg) ( 9 . 8 O m/s 2 ) (3 - 2 cos 30.0°) = 


0.870N 


(. b ) F t - mg cos d = 


mv 


F t = m 


2 \ 


g cos# + — 


C-T 


mg 


mg 
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= m 


g cos 15.0° + 


o 2g/(cosl5.0° - cos30.0°) 


/ 


= mg (3cosl5.0° - 2cos30.0°) 

= (0.0700kg)(9.80m/s 2 )(3cosl5.0°-2cos30.0°) = 


0.800 N 


(c) Again, as earlier, since the cosine and the speed are the same for -15.0° as for 15.0°, 
the tension will be the same, 0.800 N 


(e) Again use conservation of energy, but now we have v, = v 0 = 1.20 m/s. 

(a) The second point is at the bottom of the swing, so y 2 = 0. 

ymVj 2 + mg/(l -cos 30.0°) = jttjv 2 — > v 2 = ^v 2 + 2 g/ (l - cos 30.0°) 
= J(l.20m/s) 2 +2(9.80m/s 2 )(2.00m)(l-cos30.0°) =|2.59m/s 


( b ) The second point is displaced from equilibrium by 15.0°, so y, = /(l-cosl5.0°). 
{mV 2 + 777g/(l - cos 30.0°) = y/77V 2 + 777g/ (l - COS 15.0°) — > 

v 2 = yjv; + 2 g/ (cosl5.0° - cos30.0°) 

= J(l.20m/s)~ + 2 (9. 80 m/s 2 ) (2. 00 m) (cos 15.0° -cos 30.0°) = 2.31 m/s 


(c) As before, the pendulum bob is at the same height at -15.0° as it was at 15.0°, and so 


the speed is the same. Thus v 2 = 2.31 m/s 


26. The maximum acceleration of 5.0 g occurs where the force is at a maximum. The maximum force 
occurs at the maximum displacement from the equilibrium of the spring. The acceleration and the 
displacement are related by Newton’s second law and the spring law, F net = F rin — > ma = -kx 


777 


— > x = a. Also, by conservation of energy, the initial kinetic energy of the car will become the 

k 

final potential energy stored in the spring. 


ffl 

E ... . = E, . — > jfflv 2 - \kx z = \k\ — a 

initial final 2 0 2 max 2 7 rr 

k 


\2 2 

= i^(5-0 g) 2 
k 


— > 


k = 


777 (5.0g) 2 (I200kg)25(9.80m/s 2 ) 2 


f 


95 km/h 


1.0 m/s 
3.6km/h 


4100N/ 


m 


27. The maximum acceleration of 5.0 g occurs where the force is at a maximum. The 
maximum force occurs at the bottom of the motion, where the spring is at its 
maximum compression. Write Newton’s second law for the elevator at the bottom of 
the motion, with up as the positive direction. 

F=F — Mg = Ma = 5.0 Mg — > F . = 6.0 Mg 

net spring o o spring o 
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Now consider the diagram for the elevator at various points 
in its motion. If there are no non-conservative forces, then 
mechanical energy is conserved. Subscript 1 represents the 
elevator at the start of its fall, and subscript 2 represents the 
elevator at the bottom of its fall. The bottom of the fall is 
the zero location for gravitational potential energy ( v = 0) . 

There is also a point at the top of the spring that is the zero 
location for elastic potential energy (x = 0). We have 
Vj =0, y t - x + h, x, =0, v 2 = 0, y 2 = 0, and x 2 = x. 
Apply conservation of energy. 


E x =E 2 


P -i 


0 + Mg(x + /;) + 0 = 0 + 0 + j-kx 2 — » Mg (x + h) = j- kx 2 



F = 6.0 Mg = kx — > x - 

spring o 


6.0 Mg 
k 


-> Mg 


6 Mg 


+ h 


= H 


k J 


Start of fall 

Contact with 
spring, 

O frvr PT2 

Bottom of fall, 0 
for gravitational 


f 6Mg^ 2 


— » 


k - 


12 Mg 


28. (a) The skier, while in contact with the sphere, is moving in a circular path, and 
so must have some component of the net force towards the center of the 
circle. See the free body diagram. 

2 

^'raduLi = mg cos 9 -F N = m — 

r 

If the skier loses contact with the sphere, the normal force is 0. Use that 
relationship to find the critical angle and speed. 



mg cos 9 ciit = m 

r 


— > 


cos 9 , = 

cnt 

rg 


Using conservation of mechanical energy, the velocity can be found as a function of angle. Let 
subscript 1 represent the skier at the top of the sphere, and subscript 2 represent the skier at 
angle 0. The top of the sphere is the zero location for gravitational potential energy ( y = 0 ) . 
There is also a point at the top of the spring that is the zero location for elastic potential energy 
(x = 0). We have v { = 0, y t = 0, and y 2 = -(r- rcos6*). 

E l =E 2 — » \ mv\ + mg\\ = j mv\ + mgy 2 — » 0 = f m \y - mg ( r - r cos 6) — > 

v 2 = yl 2 s( r ~> 


■ r cos 


0) 


Combine the two relationships to find the critical angle. 


cos 9 , = 

crit 


2 g(t 


■r cos 


6L) 


= 2 - 2 cos 9 „ — > 9 . = 


-1 p 

cos J 


■' 48° 


rg rg 

(b) If friction is present, another force will be present, tangential to the surface of the sphere. The 

2 

V . 

friction force will not affect the centripetal relationship of cos 6U t = - SL . But the friction will 

rg 


reduce the speed at any given angle, and so the skier will be at a greater angle before the 
critical speed is reached. 
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29. Use conservation of energy, where all of the kinetic energy is transformed to thermal energy. 


^initial ^Vinal 


4 mv = E.. 


= y(2)(56, 000kg) (95 km/h) 


3.6 km/h 


= 3.9x10 7 J 


30. Apply the conservation of energy to the child, considering work done by gravity and thermal energy. 
Subscript 1 represents the child at the top of the slide, and subscript 2 represents the child at the 
bottom of the slide. The ground is the zero location for potential energy (y = 0) . We have v, = 0, 
v, = 2.2 m, v, = 1.25 m/s, and y 2 = 0. Solve for the work changed into thermal energy. 

E t =E 2 -» j mv; + mgy 1 = j mv\ + mgy 2 + £ thermal 

^therma! = “ 2 mv l = (l 6.0 kg) (9.80 m/s 2 ) (2.20 m) - j ( 1 6.0 kg) ( 1 .25 m/s) 2 = 332J 


31 .| (a) See the ffee-body diagram for the ski. Write Newton’s second law 
for forces perpendicular to the direction of motion, noting that there 
is no acceleration perpendicular to the plane. 

2_jE ± = F N - mg cos 8 — » F n = mg cos 6 — > 

E lr =M k E N = f k mg cos 8 
Now use conservation of energy, including the non-conservative friction force. Subscript 1 
represents the ski at the top of the slope, and subscript 2 represents the ski at the bottom of the 
slope. The location of the ski at the bottom of the incline is the zero location for gravitational 
potential energy (y = 0) . We have v, = 0, y, = / sin 0, and y 2 = 0. Write the conservation of 
energy condition, and solve for the final speed. Note that F 6 = //, F s = u, mg cos 8. 


j mv; + mgy\ = j mv \ + mgy 2 + F h £ — > mgf sin 8 = j mv \ + u.mg£ cos 6 



= 25.49 m/s = 

( b ) Now, on the level ground, F fi = f.i k mg, and there is no change in potential energy. We again 

use conservation of energy, including the non-conservative friction force, to relate position 2 
with position 3. Subscript 3 represents the ski at the end of the travel on the level, having 
traveled a distance / 3 on the level. We have v 2 = 25.49 m/s, y 2 =0, v 3 = 0, and y 3 = 0. 

\mv; + mgy 2 = {mv( + mgy 3 + Fj z -> \mv\ = n k mg£ \ -> 




(25.49m/s)' 

2(9.80m/s 2 )(0.090) 


= 368.3m * 370m 


32. (a) Apply energy conservation with no non-conservative work. Subscript 1 represents the ball as it 
is dropped, and subscript 2 represents the ball as it reaches the ground. The ground is the zero 
location for gravitational potential energy. We have = 0, y, = 14.0 m, and y 2 = 0 . Solve for 

v 2 . 

E { = E 2 — » y mv; + mgy ] = y mv 2 + mgy 2 — » mgy = \ mv 2 — > 
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(. b ) Apply energy conservation, but with non-conservative work due to friction included. The 
energy dissipated will be given by F f d. The distance d over which the frictional force acts 

will be the 14.0 m distance of fall. With the same parameters as above, and v 2 = 8.00 m/s, 
solve for the force of friction. 

\mv\ + mgy i = ymv\ + mgy 2 + F fr d —> mgy 1 = \mv \ + F ( d — > 


F t . = m 


g- 


.y i 


2 A 

2d 


= (0.145 kg) 9.80m/s 2 --^^ 


m/s 


A 


2(14.0 m) 


1.09 N, upwards 


33. We apply the work-energy theorem. There is no need to use potential energy 
since the crate moves along the level floor, and there are no springs in the 
problem. There are two forces doing work in this problem - the pulling force 
and friction. The starting speed is v 0 = 0. Note that the two forces do work 
over different distances. 


w =w p + w, 

net P fr 


= F ? d ? cos 0° + F f d b cos 1 80° = A K = y m [y 2 f - v 2 ) 


— > 


Ffr 


Fr, 



Fn ' 


mg 


F e d p - M k mgd t< = \mv 2 f -> v = — (F p d p - ju k mgd ti ) 

V m 


(96 kg) 


(350 N) (30m) - (0.25) (96kg) (9. 80 m/s 2 ) (l5m)~| = |l2 m/s 


34. Since there is a non-conservative force, apply energy conservation with the dissipative friction term. 
Subscript 1 represents the roller coaster at point 1 , and subscript 2 represents the roller coaster at 
point 2. Point 2 is taken as the zero location for gravitational potential energy. We have 
Vj = 1.70m/s, y, = 32m, and y 2 = 0. Solve for v 2 . Note that the dissipated energy is given by 
F f d = 0. 23 mgd. 

fmv] + mgy l = \mv\ + mgy 2 +0.23mgd — > v 2 = y]-0A6gd + v\ + 2gy, 


/— 0.46 1 

(9.80m/s 2 )(45.0 m) + (l.70m/s) 2 + 2 1 

[9.80m/s 2 )(32m) = 20. 67 m/s = 

21 m/s 


35. Consider the tree-body diagram for the skier in the midst of the 

motion. Write Newton’s second law for the direction perpendicular to the 
plane, with an acceleration of 0. 

y j F t -F u - mg cos 6 = 0 — » F N = mg cos 6 — » 

F fr =M,mg cos 6 

Apply conservation of energy to the skier, including the dissipative 
friction force. Subscript 1 represents the skier at the bottom of the slope, 
and subscript 2 represents the skier at the point furthest up the slope. The location of the skier at the 
bottom of the incline is the zero location for gravitational potential energy (y = 0) . We have 

Vj = 9.0 m/s, y l =0, v 2 = 0, and v 2 = d sin0. 

y mv 2 { + mgy { = y mv\ + mgy 2 + F f d — > j my +0 = 0 + mgd sin 6 + jugngd cos 6 — > 



Mk=- 


y v, 2 - gd sin 6 


gd cos 6 2 gd cos 6 


tan 6 = 


(9.0m/s) 2 


2 (9. 80 m/s 2 ) (12 m) cos 19° 


■tan 19°= 0.020 
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36. ( a ) Use conservation of energy to equate the potential energy at the top of the circular track to the 
kinetic energy at the bottom of the circular track. Take the bottom of the track to the be 0 level 
for gravitational potential energy. 


E, =E hn 

top bottom 


mgr = ±mv 2 bottom 


= -\j2gr = J2(9.80m/s 2 )(2.0m) = 6.261m/s « 6.3m/s 


(. b ) The thermal energy produced is the opposite of the work done by the friction force. In this 

situation, the force of friction is the weight of the object times the coefficient of kinetic friction. 
E t , . = -W, = -F, . *Ax = -F, Ax cos 6 = -ju. mg Ax ( cos 1 80°) = u, mg Ax 

thermal friction triction triction ' k <-> \ / • k <-> 


= (0.25) (1.0kg) (9.80 m/s 2 ) (3.0m) = 7.35 J = [T4J 

(c) The work done by friction is the change in kinetic energy of the block as it moves from point B 
to point C. 




= AK = K c -K B = \m(v 2 c -v 2 B ) 


2 W c 


friction ■ 2 

V B ~ . 

m 


|2 (-7.35 j) 
' (1.0kg) 


+ (6.261 m/s)" =4.9498 m/s = 4.9 m/s 


(d) Use conservation of energy to equate the kinetic energy when the block just contacts the spring 
with the potential energy when the spring is fully compressed and the block has no speed. 
There is no friction on the block while compressing the spring. 


^initial ^final 


1 2 

T-fflV , , - , 

2 contact 2 max 


= 1 kx. 


k = m- 


= (l.Okg) ( 4,9498m / s ) _ 612 .5N/m = |610N/m 
(0.20 m)' 


37 


Use conservation of energy, including the non-conservative frictional force, as developed in Eq. 8- 
15. The block is on a level surface, so there is no gravitational potential energy change to consider. 
The frictional force is given by F b = jU k F N = f.i k mg, since the normal force is equal to the weight. 


Subscript 1 represents the block at the compressed location, and subscript 2 represents the block at 
the maximum stretched position. The location of the block when the spring is neither stretched nor 
compressed is the zero location for elastic potential energy (x = 0). Take right to be the positive 
direction. We have v, =0, jt, = -0.050 m, v 2 = 0, and x 2 = 0.023 m. 

E l= E 2 + F J + \ kX l= k mV l + A kx l + E fr ( X 2 ~ X l) 


\ kx 2 = \ kx\ + ju k mg (x 2 - Xj ) — > 

k ( x l~ x l) _ ~k (x 2 + x, ) 
A 2m g (x 2 - Xj ) 2m g 


-(l80N/m)[(-0.050m) + (0.023m)] 
2(0.620 kg) (9.80m/s 2 ) 


0.40 


38. Use conservation of energy, including the non-conservative frictional force, as developed in Eq. 8- 
15. The block is on a level surface, so there is no gravitational potential energy change to consider. 
Since the normal force is equal to the weight, the frictional force is F h = u. F,. = ju k mg. Subscript 1 

represents the block at the compressed location, and subscript 2 represents the block at the maximum 
stretched position. The location of the block when the spring is neither stretched nor compressed is 
the zero location for elastic potential energy (x = 0). Take right to be the positive direction. We 
have Vj =0, x, = -0.18 m, and v, = 0. The value of the spring constant is found from the fact that 
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a 25-N force compresses the spring 18 cm, and so k = F/x = 25N/0.18 m = 138.9N/m. The value 
of x 2 must be positive. 

E l -E 2 + F { / — » y m\f + y kx\ = y / nv\ + y kx\ + F [r (x 2 - x, ) —> 


y kx\ = y kx\ + jU k mg(x 2 — JCj ) — » x 2 + — x 2 - 

k 


2W ”* 1 = 0 -> 


V 


k 


x] + 


2 (0.30) (0.1 8) (9.80) ^ _ f 2 (0.30) (0. 1 8) (9.80) g) + ]8) . X 


138.9 


138.9 


= 0 -> 


J 


x 2 + 0.00762x 2 - 0.03103 = 0 — » x 2 = 0.1724m, - 0.1800m — > x 2 = 


0.17m 


39. (a) Calculate the energy of the ball at the two maximum heights, and subtract to find the amount of 
energy lost. The energy at the two heights is all gravitational potential energy, since the ball has 
no kinetic energy at those maximum heights. 


E. = E. ... , ■ 

lost initial 


_ y initial Tfinal _ 2 ' 0 111 ~ L5 111 

2.0 m 


= 0.25= 25% 


"initial tngy ijjitial Tinitial 

( b ) The ball’s speed just before the bounce is found from the initial gravitational potential energy, 
and the ball’s speed just after the bounce is found from the ball’s final gravitational potential 
energy. 

^initial "^before 


before = v/^nntiai = ^2 ( 9. 80 m/s 2 ) (2 .0 m) = 1 6.3 m/s 


= ~2 mV after 


V af,er = (' 80 ) ( 1 . 5 Hi) = |5.4lll/ S 


(c) The energy “lost” was changed | primarily into heat energy | - the temperature of the ball and the 
ground would have increased slightly after the bounce. Some of the energy may have been 
changed into acoustic energy (sound waves). Some may have been lost due to non-elastic 
deformation of the ball or ground. 


40. Since there is friction in this problem, there will be energy dissipated by friction. 

^friction + + EU = 0 E friction = ~ AK ~ AU = f W ( “ V, ) + mg ( >7, ~ ) 


1.2 x 10 5 J 


= y (56 kg) |^0- (l 1.0m/s)‘j + (56 kg) ( 9.80 m/s 2 ) (230 m) 

41. The change in gravitational potential energy is given by AU = mg Ay. Assume a mass of 75 kg. 
AU = mg Ay = (75kg) (9.80 m/s 2 )(l.0m) = | 


740 J 


42. (a) Use conservation of energy. Subscript 1 represents the block at the compressed location, and 

subscript 2 represents the block at its maximum position up the slope. The initial location of the 
block at the bottom of the plane is taken to be the zero location for gravitational potential 
energy (y = 0). The variable x will represent the amount of spring compression or stretch. We 
have Vj =0, jc, = 0.50 m, y t =0, v 2 = 0, and x 2 = 0. The distance the block moves up the 

plane is given by d = — — , so y 2 = d sin 6. Solve for d. 
sin# 
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E x - E 2 — > y mv~ + mg\\ + \kx\ = \mv~ + mgy 2 +\kx 2 — > 


\kx] = mgy 2 = mgd sin 0 — > d = 


kx~ 


(75N/m) (0.50m) 2 


0.73 m 


ImgsmG 2 (2.0 kg) (9.80m/s 2 )sin41 c 

( b ) Now the spring will be stretched at the turning point of the motion. The first half-meter of the 
block’s motion returns the block to the equilibrium position of the spring. After that, the block 
beings to stretch the spring. Accordingly, we have the same conditions as before except that 
x 2 = d - 0.5 m. 

E { = E 2 — > y mv~ + mgy\ + \kx] = \ mv l + m g)’i +xkx 2 — > 
jkx ] = mgdsmG + \k(d - 0.5m) 

This is a quadratic relation in d. Solving it gives d = 0.66 m 


(c) The block now moves d = 0.50 m, and stops at the equilibrium point of the spring. 
Accordingly, x, = 0. Apply the method of Section 8-6. 

A K + A U + F f J = y/j? (v 2 2 - ) + y ^( x 2 _ A ) + m § (k 2 - v, ) + jU k mgd cos G - 


M k 


kx. 


- - tan G 


- j kx] + mgd sin G _ 

-mgd cos G 2mgd cos G 

(75N/m)(0.50m) 2 
2 (2.0 kg) (9.80m/s 2 )(0.50m)cos41° 


- tan41° = 


0.40 


|43.| Because friction does work, Eq. 8-15 applies. 

(a) The spring is initially uncompressed, so x 0 = 0. The block is stopped at the maximum 
compression, so v, = 0. 

A K + AU + F b £ = y/j? (v 2 - v 2 ) + yk (x). - x 2 ) + mgjU k (x^ - x 0 ) = 0 — > 
y kx' + mg/l k X f - 4 777 V 2 =0 — > 


Xf = 


-mgM k ± yj{mgM k ) 2 -4(H)(-jmv;) -mgjU y ± ^(mg^Y + kmv, 


2(H) 


m S, Ll k 


- 1 ± 1 + - 


kmv: 


(>ngM k y 


(2.0kg) (9.80m/s 2 ) (0.30) 

f 

1 f (120 N/m) (2.0kg) (l.3m/s) 2 

(120 N/m) 

1 11 

(2.0kg) 2 (9.80m/s 2 ) 2 (0.30) 2 


= 0.1258 m: 


0.13 m 


( b ) To remain at the compressed position with the minimum coefficient of static friction, the 
magnitude of the force exerted by the spring must be the same as the magnitude of the 
maximum force of static friction. 

kx f _ (120 N/m) (0.1258m) 


kx = jumg -> ,u = = 


mg (2.0kg)(9.80m/s 2 ) 


= 0.7702 = 0.77 
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( c ) If static friction is not large enough to hold the block in place, the spring will push the block 
back towards the equilibrium position. The block will detach from the decompressing spring at 
the equilibrium position because at that point the spring will begin to slow down while the block 
continues moving. Use Eq. 8-15 to relate the block at the maximum compression position to the 
equilibrium position. The block is initially at rest, so v 0 = 0 . The spring is relaxed at the 

equilibrium position, so x , = 0. 

AK + AU + F h £ = \ m[v 2 f - v 2 ) +\k(x 2 f - x 2 ) + / mgjU k (x f -x 0 ) = 0 -+> 
i mv) - \kx 2 0 + mg/u k x Q = 0 -+ 


v f=\— x l~ 2 gK\ = 

V m 




= 0.458 m/s = 0.5 m/s 


44. (a) If there is no air resistance, then conservation of mechanical energy can be used. Subscript 1 
represents the glider when at launch, and subscript 2 represents the glider at landing. The 
landing location is the zero location for elastic potential energy (y = 0). We have v, = 3500 m, 


y 2 = 0, and v, = 480 km/h 


f 1 m/s ^ 


= 133.3m/s. Solve for v 2 . 


3.6km/h j 

E x -E 2 — > j mv\ + mgy x = \ mv 2 + mgy 2 — > 

v 2 = sjv] + 2gy 1 = ^(l33.3m/s)‘ + 2 (9.80 m/s 2 ) (3500 m) = 293.8m/s 


^ 3.6km/h^ 
lm/s 


= 1058km/h= llOOkm/h 


(b) Now include the work done by the non-conservative 
frictional force. Consider the diagram of the glider. 

The distance over which the friction acts is given by 

. 3500 m . 

/ = . Use the same subscript 

sin 12° 

representations as above, with y t , v, , and v 2 as before, and 



3500 m 


v, = 210 km/h 


( lm/s A 
v 3.6km/h j 


the frictional force. 


= 58.33 m/ s . Write the energy conservation equation and solve for 

( V j 2 ~ V 2 + 2 S- V i ) 


E x = E 2 + F {t £ — > \mv “ + mgy x - \mv 2 + mgv 2 + F tr £ — > F = ■ 


m 


(980 kg) 

(l33.3m/s) 2 - (58.33m/s) 2 

+ 2(9.80 m/s 2 )(3500 m) 

2 

f 3500 m') 


l sin!2° j 


2 / 

= 2415N 


2400 N 
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45. ( a ) Equate the gravitational force to the expression for centripetal force, since the orbit is circular. 
Let M e represent the mass of the Earth. 


m v GMjn 

s s E s 


(c) - = 


2 

r r 

s s 


The potential energy is 

GMjn 

E s 


K 2 r 

s 

1 

U GM yn 

2 


2 GMm 
m v = £ ^ L 

s s 


1 2 

~m v = 

2 s s 


GM jn 
K= E s 


2 r 


46. Since air friction is to be ignored, the mechanical energy will be conserved. Subscript 1 represents 
the rocket at launch, and subscript 2 represents the rocket at its highest altitude. We have 
v, = 850 m/s, v, = 0, and we take the final altitude to be a distance h above the surface of the Earth. 


E \= E 2 -> \ m G + 


h = 


2 A 


^ GM E m ^ 


E J 
( 


1 2 , 

= \mv 2 + 


^ GMyn ^ 
V G + h J 


— > 


V r E 2 GM e ) 
= (6.38xl0 6 m) 


2GM, 


V r E V 0 


— 1 


= 3.708x 10 m • 


3.7x10 m 


2(6.67 x 10~ u N*m 2 /kg 2 )(5.98 x 10 24 kg) 

(6.38xl0 6 m)(850m/s) 2 

If we would solve this problem with the approximate gravitation potential energy of mgh, we would 
get an answer of 3.686 x 10 4 m , which agrees to 2 significant figures. 


47. The escape velocity is given by Eq. 8-19. 


2 M a G 


2M b G 


esc 

A 


esc 

B 


v = 2v 

esc esc 

A B 


2M£ = 2 


|2M b G 


— > 


2M a G | 

f 2M B G ^ 


G _ 1 


\ r B J 


1 


48. Note that the difference in the two distances from the center of the Earth, r 2 -r t , is the same as the 
height change in the two positions, v 2 - y . Also, if the two distances are both near the surface of 


the Earth, then ry 2 ~ r E . 


A U = 


f GMyn ' 


f GM v m " 

l A J 


l r i J 


GM m GM E m 
— - GMjn 

E 


1 1 


GM m . , 

(f-'G 


GMjn 


GM 


2 

r 

'e 


( v 2 ->’,) = m -r- (^2 - Ti ) = ' n g ( v 2 - y x ) 


[49. 1 The escape velocity for an object located a distance r from a mass M is given by Eq. 8-19, 


= J — — — . The orbit speed for an object located a distance r from a mass M is v orb = 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

237 











Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


(a) v 


esc at 
Sun's 
surface 


(b) v = 

v ' esc at 


12 



(2.0xl0 3O kg) 

1 (6.67 xKT 11 N»m 2 /kg 2 ) 

V 7.0xl0 s m 

ft 

2.0xl0 ,0 kg) 

(6.67 x KT 11 N*m 2 /kg 2 ) 


6.2 x 10 5 m/s 


Earth V r Earth orbit 
orbit 


1.50x10 m 


4.2 x 10 4 m/s 


esc at 
Earth 
orbit 


v Earth 
orbit 


2 M„ G 

Sun 


M. G 

Sun 


■ = >/2 


= V2 v 


Earth orbit 

orbit 


Since 


1.4v Earth , the orbiting object will not escape the orbit. 


esc at * v Earth 
Earth orbit 

orbit 


50. (a) The potential energy is given by Eq. 8-17. 

GmM E _ (6.67x10 " N.m 2 /kg 2 ) (950kg) (5.98 xl0 24 kg) 


u A = - 


(6.38 xl0 # m + 4.20 xl0 6 m) 


= -3.5815 x 10 10 J 


-3.6xl0 10 J 


U B =- 


GmM E _ (6.67 xl0 1, N.m 2 /kg 2 ) (950kg) (5.98 xl0 24 kg) 


(6.38xl0 6 m + 1.26xl0 7 m) 


= -1.9964 x 10 J : 


-2.0x10 J 


( b ) An expression for the kinetic energy is found by equating the gravitational force to the 
expression for centripetal force, since the satellites are in circular orbits. 

mv 2 GmM„ 


r r 

GmM 

K . — 

2r A 

GmM „ 


, 2 GmM . 

\mv 2 = K = ^ = -\U 

Z r\ z 


2 r 


E _ _ _1_ 

2 


( —3.58 15x1 0 10 J ) = 1.7908xl0‘°J 


1.8x1 0 11 J 


k b =- 


2 r 


-y(-1.9964xl0 10 j) = 0.9982 xl0 10 J 


1 .0 x 1 0'J 


(c) We use the work-energy theorem to calculate the work done to change the orbit. 


W k =AK = W h , +W = W h , -A U 

Net orbit gravity orbit gravity 

change change 


W h , = AK + AU 

orbit gravity 

change 


K bit = AA + A(7 gravity = (^ B - ) + (C/ B - U A ) = (-|C/ B + }t/ A ) + (G b - U A ) 

change 


y(C/ b -U a ) = y(-1.9964xl0 10 J — 3.5815xl0 10 j) : 


7.9x 10 9 J 


51. For a circular orbit, the gravitational force is a centripetal force. The escape velocity is given by Eq. 
8-19. 

GMm mv 2 .., IMG 12 MG r~ IMG 


= ^J^ = ^v 
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GM wi 

52. (a) With the condition that U = 0 at r = °°, the potential energy is given by U — . The 

r 

kinetic energy is found from the fact that for a circular orbit, the gravitational force is a 
centripetal force. 


GMjn mv ... 

E orbit 


GM , m 

E 


— > K = \mv \, = \ 

2 orbit 2 


GMjn 


, GM , m GM , m , GM jn 

E - K + U 5 *— = s— 

r r r 

( b ) As the value of E decreases, since E is negative, the radius r must get smaller. But as the radius 

gets smaller, the kinetic energy increases, since K °c — . If the total energy decreases by 1 

r 

Joule, the potential energy decreases by 2 Joules and the kinetic energy increases by 1 Joule. 


53. The speed of the surface of the Earth at the equator (relative to the center of the Earth) is given by 
the following. It is an eastward velocity. Call east the x-direction, and up the y-dircction. 

2 nr 2;r(6.38xl0 6 m) 

a » — — 2 — A A m / c 


86,400s 


= 464 m/s 


The escape velocity from the Earth (relative to the center of the Earth) is given in Eq. 8-19. 
[2 ~GMl _ (2 (6.67 x 10 " N.m 2 /kg 2 ) (5.98x 10 24 kg) _ 


6.38x10 m 


= 11, 182 m/s 


(a) With the surface of the Earth traveling east and the rocket velocity to the east, the rocket 
velocity and surface velocity will add linearly to give the escape velocity. 


rocket relative 
to surface of 
Earth 


+ 464 m/s = 1 1, 1 82 m/s 


rocket relative 
to surface of 
Earth 


= 10, 700 m/s 


(b) With the surface of the Earth traveling east and the rocket velocity to the west, the rocket 
velocity will have to be higher than the nominal escape velocity. 


rocket relative 
to surface of 


+ 464 m/s = - 1 1, 1 82 m/s — > v rocketrelative = 11, 646 m/s = 11, 600 m/s 


(c) When fired vertically upward, the rocket velocity and the Earth’s velocity are at right angles to 
each other, and so add according to the Pythagorean theorem to give the escape velocity. 

Socket relative +( 464m / S ) 2 = (H,182m/ S ) 2 V rocke , relative = 1 1,172 m/s - |l 1,200 Hl/s 


v rocket relative 
to surface of 
Earth 


rocket relative 
to surface of 
Earth 


54. (a) Since air friction is to be ignored, the mechanical energy will be conserved. Subscript 1 

represents the rocket at launch, and subscript 2 represents the rocket at its highest altitude. We 
have v, = v„, v, = 0, r = /• and r. = r + h where we take the final altitude to be a distance h 

1 O 7 2 ’ 1 E ? 2 E 

above the surface of the Earth. 
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(b) h = /;, 


2GM„ 


-1 


V fr V 0 


= (6.38xl0 6 m) 


2 (6.67 xlO 11 N»m 2 /kg 2 )(5.98xl0 24 kg) 
(6.38xl0 6 m )(8350m/s) 2 


8.0xl0 6 m 


|55.| (a) From Eq. 8-19, the escape velocity at a distance r > r E from the center of the Earth is 


v = 


2GM, 




dv 


dr 


esc 1_ “3/2 

“ 2 r 


sj2 GM E = 


GM„ 


2 r 


A dV esc A \ GM E A 

(b) Av ~ — — Ar = f-Ar = - 

eSC 7 \ r\ 3 

dr V 2r 


(6.67 x 10~ u N»m 2 /kg 2 ) (5.98 x 10 24 kg) 


(3.2xl0 5 m) 


2(6.38xl0 6 m) 

= -280 m/s 

The escape velocity has decreased by 280 m/s, and so is v esc = 1.12x1 0 4 m/s - 280 m/s : 


1.09 xlO 4 m/s 


56. (a) Since air friction is to be ignored, the mechanical energy will be conserved. Subscript 1 

represents the meteorite at the high altitude, and subscript 2 represents the meteorite just before 
it hits the sand. We have v, = 90.0m/s , /; =r E +h = r E + 850km , and /; = r E . 


r=E 2 


1 2 . 
\mv i + 


f GM E m^ 

V r E + k J 


1 2 . 
= \mv 2 + 


f GM E m^ 

E 


^E J 


— > 



fl 1 ] 



v 2 + 2GM e 

= 3835. lm/s = 

3840 m/s 

Ifr r E +h J 





(b) We use the work-energy theorem, where work is done both by gravity (over a short distance) 
and the sand. The initial speed is 3835.1 m/s, and the final speed is 0. 

K, = W G + K = m s d + K= A K = i -m (v 2 - v, 2 ) 


— > 


W h = -y«n’ 2 -mgd = -Y(575kg)(3835.1m/s)‘ - (575kg)(9.80m/s 2 )(3.25m) 


-4.23x10 J 


(c) The average force is the magnitude of the work done, divided by the distance moved in the 
sand. 

p _ KJ _ 4-23xl0 9 J 


1.30x10 N 


d . 3.25m 

sand 

(d) The work done by the sand shows up as thermal energy, so 
produced. 


4.23x10 J 


of thermal energy is 
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57. The external work required (lf other ) is the change in the mechanical energy of the satellite. Note the 
following, from the work-energy theorem. 

W tl =W .,+W lh -> AA = -At/ + 1T„ -> W h = AK + AU =A(K + U) = AE . 

total gravity other other other \ / mech 


From problem 52, we know that the mechanical energy is given by E = 


GMm 


, GMm ( , GMm ' 

E = -\ A£ = -/■ 

r v f J 


GMm 


final V 


r J 


GMm 


r J 


GMm 


initial V r J 


f 

1 

GMm ' 


f 

1 

GMm ' 


GMm 

2 

V 

J 

initial 

2 

V 

j 

final 

12 r E 


58. ( a ) The work to put m t in place is 0, because it is still infinitely distant from the other two masses. 

( jrffi ffi 

The work to put m 2 in place is the potential energy of the 2-mass system, — -. The work 

r 12 

( jrjfi yyi 

to put m 3 in place is the potential energy of the m, - m, combination, 1 — 1 , and the 

r i3 

Gtyi in 

potential energy of the m, - m, combination, — The total work is the sum of all of 


, .... Gmm Gmm , Gmyn, 

these potential energies, and so W = ^ L 




f. 


\W = -G 


m t m 2 m { m 3 m 2 m 3 


23 J 


. Notice that the work is negative, which is a result of the 


masses being gravitationally attracted towards each other. 

( b ) This formula gives the potential energy of the entire system. Potential energy does not “belong” 
to a single object, but rather to the entire system of objects that interact to give the potential 
energy. 

f A 


(c) Actually, W - G 


mfn 2 /«,/«, m 2 m 3 
V r n r n 


is the binding energy of the system. It would take 


'23 J 


that much work (a positive quantity) to separate the masses infinitely far from each other. 

59. Since air friction is to be ignored, the mechanical energy will be conserved. Subscript 1 

represents the asteroid at high altitude, and subscript 2 represents the asteroid at the Earth’s surface. 
We have v, = 660 m/s, r = r +5.0xl0 9 m, and r. =r„. 

1 /'IE ’ 2 E 


E t =E 2 


1 2 . 
\mv x + 


f 

GM r m / 



GMm / 


fi o 

- 

E 

= jmv 2 2 + 

- 

E 

v 2 = Jvf + 2 GM e 

— 

1 

J 



r 2 J 


V r 2 rj 


(660m/s )' + 


2 (6.67 x 10~" N»m 2 /kg 2 ) (5.98 x 10 24 kg) 

1 1 
6.38 x 10 6 m + 5.0x1 0 9 m 6.38xl0 6 m 


1.12xl0 4 m/s 
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60. Calculate the density of the shell. Use that density to calculate the potential due to a full sphere of 
radius r x , and then subtract the potential due to a mass of radius r 2 . 

M . . M . , . . M 


P = 




/ 3 3 \" ^full 

u; ~f j 


'(c 1 -c ) 


M. 


sphere 






4 „ 3 

I™! 


^shell ^full 


u 

inner 

sphere sphere 


GM r „ m 

full 

sphere 

( GM m } 

inner 

sphere 

Gm 

r 

r J 

r 


Gm 

r 


M 


\n[r x -r 2 3 ) 


4 _ 3 

\nr x 


M 


:7t{r x -r 2 3 ) 


4 _ 3 

l nr 2 


M f „ -M 

full 
sphere 

r 


inner 
sphere J 


GmM 


{f -f) (f -f) 


= - GmM I r 


61. (a) The escape speed from the surface of the Earth is v E = ^2 GM E /r E . The escape velocity from 

the gravitational field of the sun, is v s = ^2GM s /r SE . In the reference frame of the Earth, if 

the spacecraft leaves the surface of the Earth with speed v (assumed to be greater than the 
escape velocity of Earth), then the speed v' at a distance far from Earth, relative to the Earth, is 
found from energy conservation. 

2 2 GM C 


1 2 

ymv - 


GM m , 2 
— = \mv 


n 

V = V - ■ 


L E 2 2 .2 n . 2 

— = v -V E v =v +v E 


The reference frame of the Earth is orbiting the sun with speed v 0 . If the rocket is moving with 
speed V relative to the Earth, and the Earth is moving with speed v 0 relative to the Sun, then 
the speed of the rocket relative to the Sun is v + v 0 (assuming that both speeds are in the same 
direction). This is to be the escape velocity from the Sun, and so v s = v + v 0 , or v = v s - v 0 . 
Combine this with the relationship from above. 


2 /2 

V = V 


2 GM C 


2GM q 


s -v 0 ) 2 + v e -» v = ^[ 

' \2 2 

V S ~ V 0 ) + V E 

^ 2 (6.67 x 10~ u N»m 2 /kg 2 ) 

) (5.98 x 10 24 kg) 

6.38x 10 6 m 

b (6.67 xlO -11 N»m 2 /kg 2 ) 

(l.99 x 10 3O kg) 


1.496x10 m 


= 1 . 1 1 8 x 1 0 4 m/s 
= 4.212 xlO 4 m/s 


2 7 tr SE _2^(l.496xlO n m) 


= 2.978x 10 4 m/s 


T SE (3.156x 10 7 s) 
v = yj(v s - v 0 )‘ + v E = yj (4.212 xlO 4 m/s - 2.978 xlO 4 m/s) + (l.l 18 x 10 4 m/s) 


= 1.665 xlO 4 m/s « 16.7km/: 


(. b ) Calculate the kinetic energy for a 1 .00 kg mass moving with a speed of 1 .665 x 1 0 4 m/s . This is 
the energy required per kilogram of spacecraft mass. 

K = \mv 2 = Y(l.00kg)(l.665xl0 4 m/s) = | 


1.39x10 J 
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62. The work necessary to lift the piano is the work done by an upward force, equal in magnitude to the 
weight of the piano. Thus W = Fd cosO° = mgh. The average power output required to lift the piano 
is the work done divided by the time to lift the piano. 


W mgh 
t t 


t = 


mg h (335 kg ) (9. 80 m/s (16.0 m) 


1750 W 


30.0s 


63. The 18 hp is the power generated by the engine in creating a force on the ground to propel the car 
forward. The relationship between the power and the force is Eq. 8-2 1 with the force and velocity in 
the same direction, P = Fv. Thus the force to propel the car forward is found by F = P/v . If the 
car has a constant velocity, then the total resistive force must be of the same magnitude as the engine 
force, so that the net force is zero. Thus the total resistive force is also found by F = P/v. 


P 

F = — = 


(18 hp)(746 W/l hp) 


(95km/h) 


lm/s 

3.6km/h 


510N 


64. (a) K = y?7?v 2 = y(85kg) (5.0m/s)~ = 1062.5 J ~ 1 1 00 J 

(. b ) The power required to stop him is the change in energy of the player, divided by the time to 
carry out the energy change. 

1062.5 J 


P = 


1.0s 


= 1062.5 W 


1100W 


65. The energy transfer from the engine must replace the lost kinetic energy. From the two speeds, 
calculate the average rate of loss in kinetic energy while in neutral. 


r, = 95 km/h 


f lm/s A 


3.6km/h 


= 26. 39 m/s v 2 =65km/h 


f lm/s A 


3.6km/h 


= 18. 06 m/s 


A KE = nv\ -\mv \ = y(l080 kg) N 18.06 m/s)" - (26.39 m/s) 


= -1.999x10 J 


P = — = L999xl ° J = 2.856x10 4 W, or (2.856xl0 4 w) 1 hp = 38.29 hp 
t 7.0 s v '746 W 


So 


2.9x10 W 


or 38 hp is needed from the engine. 


W 

66. Since P = — , we have W = Pt = 3.0 hp 
t 


746 W 
1 hp 


(l hr) 


3600 s 
1 h 


8.1 x 10 J 


|67.| The power is the force that the motor can provide times the velocity, as given in Eq. 8-21. The force 
provided by the motor is parallel to the velocity of the boat. The force resisting the boat will be the 
same magnitude as the force provided by the motor, since the boat is not accelerating, but in the 
opposite direction to the velocity. 


P = F*v = Fv — » F = — = 


(55hp)(746 W/l hp) 


(35km/h) 


lm/s 
3.6 km/h 


= 4220 N = 4200 N 


So the force resisting the boat is 4200 N, opposing the velocity . 
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68 . 


The average power is the energy transformed per unit time. The energy transformed is the change in 
kinetic energy of the car. 


P = 


energy transformed 
time 


A K 
t 



(1400 kg) 


(95 km/h) 


lm/s 

3.6km/h 


2(7.4 s) 


6.6xl0 4 W 


hp 


69. 


The minimum force needed to lift the football player vertically is equal to his weight, mg. The 
distance over which that force would do work would be the change in height, A y = (78m) sin 33°. 

So the work done in raising the player is W - mg Ay and the power output required is the work done 
per unit time. 


W mg Ay 
t t 


(92 kg) ^9. 80 m/ s 2 ) (78 m) sin 33° 
75 sec 


510 W 


70. 


The force to lift the water is equal to its weight, and so the work to lift the water is equal to the 
weight times the vertical displacement. The power is the work done per unit time. 

p _ W _ mgh _ (21.0kg)(9.80m/s 2 )(3.50 m) - — 

t t 60 sec 


71. 


The force to lift a person is equal to the person’s weight, so the work to lift a person up a vertical 
distance h is equal to mgh. The work needed to lift N people is Nmgh, and so the power needed is 
the total work divided by the total time. We assume the mass of the average person to be 70 kg. 


P = — = 
t 


W Nmgh 47000(70kg)(9.80m/s 2 )(200m) 


3600 s 


= 1.79x10 W 


2x10 W 


72. We represent all 30 skiers as one person on the free-body diagram. The engine 
must supply the pulling force. The skiers are moving with constant velocity, 
and so their net force must be 0. 

= F n ~ mgcosd = 0 F n = mg cos 9 

=F r - mg sin<9 - F {t = 0 -> 

F p = mg sin 6 + F fr = mg sin 6 + pyng cos 6 



The work done by F p in pulling the skiers a distance d is F p d since the force is parallel to the 

displacement. Finally, the power needed is the work done divided by the time to move the skiers up 
the incline. 

W F p d mg [sin 9 + /.t k cos 9) d 
t t t 


30 (75 kg) (9.80m/s 2 )(sin23° + 0.10 cos 23°) (220m) f ihp 

120s v 746 W y 


26 hp 


73. 


The net rate of work done is the power, which can be found by P = Fv = mav. 

by v = — = 15. 0t 2 - 16.0/ - 44 and a = — = 30.0/ - 16.0. 
dt dt 


The velocity is given 
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(a) 

(b) 


P = mav = (0.28kg) ([30.0(2.0) -16.0]m/s 2 )ri5.0(2.0) 2 


= -197.1 W 


-2. Ox 10" W 


P = mav = (0.28kg) ([30.0(4.0) -16.0]m/s 2 )[l5.0(4.0) 2 
= 3844 W = 13800 W 


16.0(2.0) -44 m/s 
16.0(4.0) -44] m/s 


The average net power input is the work done divided by the elapsed time. The work done is the 
change in kinetic energy. Note v(0) = -44 m /s, v(2.0) = 15. 0(2. 0) 2 - 16.0(2.0) -44 = -16m/s, 

and v(4.0) = 15.0(4.0) 2 - 16.0(4.0) -44 = 132m/s. 


t \ 1 v 

(c) P = = 

k ' avg 


avg 
0 to 2.0 


A K 
A t 


(d) P = = 

k x avg » 


avg 
2.0 to 4.0 


A K 
A t 


r m ( v 2 — v 2 ) y (0.28 kg) (-16m/s)' - (-44m/sf 
A t 2.0s 

\m(v 2 f -v 2 ) y (0.28 kg) |^(l32m/s)~ - (l6m/s)' 





-120W 


At 


2.0s 





1200 W 


74. First, consider a free-body diagram for the cyclist going down hill. Write 
Newton’s second law for the x direction, with an acceleration of 0 since the 
cyclist has a constant speed. 

y/ F. = mg sin 0-F fi =0 — > F tr = mg sin 9 



Now consider the diagram for the cyclist going up the hill. Again, write 
Newton’s second law for the x direction, with an acceleration of 0. 

~YjF x = F ft -F p +mgsin0 = 0 —> F p = F fr + mg sin <9 

Assume that the friction force is the same when the speed is the same, so the 
friction force when going uphill is the same magnitude as when going 
downhill. 

F p = F fr + mg sin 9 = 2 mg sin 9 



The power output due to this force is given by Eq. 8-2 1 , with the force and velocity parallel. 


P = F p v = 2mgvsm9 = 2(75 kg) (9.80 m/s 2 ) (4.0 m/s) sin 6.0° 


610 W 


75. The potential energy is given by U (x) = |kx 2 and so has a parabolic 

shape. The total energy of the object is E = y kx\. The object, when 

released, will gain kinetic energy and lose potential energy until it 
reaches the equilibrium at x = 0, where it will have its maximum 
kinetic energy and maximum speed. Then it continues to move to the 
left, losing kinetic energy and gaining potential energy, until it reaches 
its extreme point of x = x 0 . Then the motion reverses, until the object 
reaches its original position. Then it will continue this oscillatory 
motion between x = 0 and x = x 0 . 


U(x) 
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76. (a) The total energy is E - \kx\ - y(l60N/m)(l.0m)~ = 80J . The answer has 2 significant 
figures. 

( b ) The kinetic energy is the total energy minus the potential energy. 

K = E-U = E-\kx 2 = 80 J - y(l60N/m) (0.50m) 2 = | 

The answer has 2 significant figures. 

(c) The maximum kinetic energy is the total energy, 1 80 J 


60J 


(d) The maximum speed occurs at x = 0 , the equilibrium position at the center of the motion. Use 
the maximum kinetic energy (which is equal to the total energy) to find the maximum speed. 


K -\mv — > v = 

max 2 max max 


2 K 


12(80 J) 


5.7 m/s 


m ]J 5.0kg 

( e ) The maximum acceleration occurs at the maximum displacement. 

k\x\ 


x = 1.0m 


since 


F-ma = -kx — > \a = • 


m 


k x max (l60N/m)(l.0m) 


m 


5.0 kg 


32 m/s 


77. (a) To find possible minima and maxima, set the first derivative of the function equal to 0 and 
solve for the values of r. 

dU , a , _ b 

13 


u { r ) = -^ + \ = \{ b ~ ar6 ) 


-» = 6 — - 12 - 

dr r 


dU a b 

= 0 -» — = 2 


I? r cnt - 

r V a J 


2 b\ 


dr r 

The second derivative test is used to determine the actual type of critical points found. 
= -42 1- 156— = — — (l566 - 42ar 6 ) 

8 14 14 V, / 


d 2 U 


dr 

d 2 U 


dr 


r r 

1 ' 


r 2b 
V a 




, 2 b\ 

156 b - 42 a — 

a y 


1 


2 b 

V a J 


-(1566-846) >0 — > r rit = 


26 

V a j 


Thus there is a 


2b 

minimum at r = | — 
a 


. We also must check the endpoints of the function. 


We see from the form U ( r ) = —(6 - ar 6 ) that as r — » 0, U (r) — > and so there is a 


maximum at r = 0 


(6) Solve U (r) = 0 for the distance. 

a b \ 


U ( r ) = -^ + -Ff = -lf( b - ar6 ) = 0 ~n = 0 or (6 - ar 6 ) = 0 

y y y w 


= o -» 



f 6 / 

1/6 

y — oo • y z= J 

Uj 
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(c) See the adjacent graph. The spreadsheet 
used for this problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH08.XLS,” on tab 
“Problem 8.77c.” 

(d) For E < 0, there will be bound oscillatory 
motion between two turning points. Thi s 
could represent a chemical bond type of 
situation. For E > 0, the motion will be 
unbounded, and so the atoms will not stay 
together. 



(■ e ) The force is the opposite of the slope of the potential energy graph. 


F > 0 for r < 

( 2 b^ 

1/6 

? 

F <0 for 

(2bY 6 

— < r < °° 

? 

F = 0 for r - 

f 2 b^ 

1/6 

, r = 


l a J 




ya) 



K a ) 



00 F{r) 


dU 

dr 


12 b 

6 a 

13 7 

I L 



78. The binding energy will be t/(°°)-t/(r Umin ). The value of r for which U(f) has a minimum is 

^ -S 1 /£ 

2b 


found in problem 77 to be r = 


V a J 


UH-U(r vmin ) = 0-U 


f 

(2 b^ 

U6\ 

r = 



V 

l a J 

J 


= 0 - 


a b 

- + - 


f 2b\ ' (2b " 2 


V a 


\ a 


= 0 - 


a 2 

a 2 b 


2 

a 

+ — - 

— 


L 2b 

Ab 1 \ 


Ab 


Notice that this is just the depth of the potential well. 


|79.| The power must exert a force equal to the weight of the elevator, through the vertical height, in the 
given time. 

mgh _ (885 kg) (9. 80 m/s 2 ) (32.0m) 


P = 


(11.0s) 


2.52 x 10W 


80. Since there are no non-conservative forces, the mechanical energy of the projectile will be 

conserved. Subscript 1 represents the projectile at launch and subscript 2 represents the projectile as 
it strikes the ground. The ground is the zero location for potential energy (y = 0) . We have 

Vj = 165 m/s, Vj = 135m, and y 2 = 0. Solve for v 2 . 

E { = E 2 — > j- mv\ + mgy } = /- mv] + mgy 2 — > j mv\ + mgy x = j mv 2 — > 

v 2 = yjv* + 2 gy x = ^(165 m/s)" + 2 (9.80 m/s 2 ) (135 m) = 

Notice that the launch angle does not enter the problem, and so does not influence the final speed. 


173 m/s 
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81. (a) Use conservation of mechanical energy, assuming there are no non-conservative forces. 

Subscript 1 represents the water at the top of the dam, and subscript 2 represents the water as it 
strikes the turbine blades. The level of the turbine blades is the zero location for potential 
energy (y = 0) . Assume that the water goes over the dam with an approximate speed of 0. We 


(b) 


have Vj = 0, y, = 80 m, and y, = 0. Solve for v 2 . 

E l -E 1 — > \mvl +mgy l =\mv 1 2 +mgy 2 — > mgy x -\mv\ — > 

v 2 = ^/2gy~ = 2 ( 9 . 80 m/ s 2 ) (88 m) = 41.53 m/s = 

The energy of the water at the level of the turbine blades is all kinetic energy, and so is given by 
\mv\. 55% of that energy gets transferred to the turbine blades. The rate of energy transfer to 



the turbine blades is the power developed by the water. 

O_(0.55)(550kg/s)(41.53m/s) 2 


= 2.6x10 5 W 


82. First, define three speeds: 

v 0 = 12 km/h = speed when coasting downhill. 

Vj = 32 km/h = speed when pedaling downhill. 
v 2 = Speed when climbing the hill. 

For coasting downhill at a constant speed, consider the first tree-body 
diagram shown. The net force on the bicyclist must be 0. Write 
Newton’s second law for the x direction. 

X F x = ~ m 8 sin e = 0 -> F m = mg sin 6 

Note that this occurs at v = v 0 . 

When pumping hard downhill, the speed is v, = ff v o = f v o . Since the 
frictional force is proportional to v 2 , the frictional force increases by 
a factor of (f )' : F m = (j)~ F Mj = ^-mg sin#. See the second tree- 
body diagram. There is a new force, F P1 , created by the bicyclist. 

Since the cyclist is moving at a constant speed, the net force in the x 
direction must still be 0. Solve for F pl , and calculate the power associated with the force. 

'YjF x = F m - mg sin 0-F pl =0 -> F pl = F m - mgsind = (^-l)mgsm0 = fmgsind 
f = E m v t = f mgv l sin6> 

Now consider the cyclist going uphill. The speed of the cyclist going 
up the hill is v 2 . Since the frictional force is proportional to v 2 , the 

frictional force is given by F m = ( v 2 /v 0 )' mg sin 6. See the third free- 
body diagram. There is a new force, F p2 , created by the bicyclist. 

Since the cyclist is moving at a constant speed, the net force in the x 
direction must still be 0. 

Z F v = ^P 2 - m s sin 9 - F 62 = 0 
The power output of the cyclist while pedaling uphill is the same as when pedaling going downhill. 
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p i = p i = fmgv^mQ -> F p2 v 2 = fmgv l sin0 -> F p2 = f mg (vjv 2 ) sin 0 
Combine this information with Newton’s second law equation for the bicyclist going uphill. 

F ?2 - mg sin# - F fr2 = -y mg (vjv 2 )smd - mg sin 6- (v 2 /v 0 )" mg sin 0 = 0 
This simplifies to the following cubic equation: v 2 + v 2 vj - -f- v,v/ = 0. Note that since every term 
has speed to the third power, there is no need to do unit conversions. Numerically, this equation is 
v 2 + 144v 2 - 28160 = 0, when the speed is in km/h. Solving this cubic equation (with a spreadsheet, 


for example) gives v, = 28.847 km/h = 29 km/h 


83. (a) The speed v B can be found from conservation of mechanical energy. Subscript A represents the 
skier at the top of the jump, and subscript B represents the skier at the end of the ramp. Point B 
is taken as the zero location for potential energy (y = 0) . We have = 0, y x = 40.6m, and 

y 2 - 0. Solve for v 2 . 


mgy A = \mv 2 B 


E a = E b -» \mvl+mgy K =\mv\ + mgy B 
v B = ^2 gy A = ^2^9.80 m/s 2 ) (40.6m) = 28.209 m/ s ~ 28.2 m/ s 


(b) Now we use projectile motion. We take the origin of coordinates to be the point on the ground 
directly under the end of the ramp. Then an equation to describe the slope is y slopc = -x tan 30°. 

The equations of projectile motion can be used to find an expression for the parabolic path that 
the skier follows after leaving the ramp. We take up to be the positive vertical direction. The 
initial y - velocity is 0, and the x-velocity is v B as found above. 

x = V ; t proj = To -\gt 2 = To - ±s( x / v bY 

The skier lands at the intersection of the two paths, so v, = v . . 

* 7 y slope y proj 


y slope y di 


-xtan30° = y 0 - jg 




gx 


- x(2v b tan 30°) - 2y 0 v 2 = 0 


x = 


(2v 2 tan 30°) ± ^/(2v 2 tan30°)" + 8gy 0 v 2 ( v 2 tan 30° ) ± v B tan 30°)' 


+ 2 STo v b 


2g g 

Solving this with the given values gives x = -7.09 m, 100.8 m. The positive root is taken. 

x 100.8 m 


Finally, s cos 30.0° = x 


5 = ■ 


cos 30.0° cos 30.0° 


1 16m 


84. (a) The slant of the jump at point B does not affect the energy conservation calculations from 

problem 83, and so this part of the problem is solved exactly as in problem 83, and the answer is 


exactly the same as in problem 83: v B = 28.209 m/s = 28.2 m/s 


( b ) The projectile motion is now different because the velocity at point B is not purely horizontal. 
We have that v B = 28.209m/s and v Bv = 3.0m/s. Use the Pythagorean theorem to find v Bv . 

= a/v b -v Bj = 7(28.209 m/s) 2 -(3.0m/s) 2 = 28.049 m/s 
We take the origin of coordinates to be the point on the ground directly under the end of the 
ramp. Then an equation to describe the slope is v slopc = -x tan 30°. The equations of projectile 

motion can be used to find an expression for the parabolic path that the skier follows after 
leaving the ramp. We take up to be the positive vertical direction. 
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, i j2 

f \ 

X 


( \ 
X 

X = V bJ ; y proj = To + V - 2§ r = To + V B, 

IvJ 

-fg 

V ^Bx / 


The skier lands at the intersection of the two paths, so v, = v . 

1 7 s slope s proj 


y si„pe = y proj 


■ x tan 30° = y 0 + v Bv 




rg 


^x V 


gx 


X = 


^[ 2i; B,( v B, ta n30 0 + v B v)]-2jo v L = 0 -» 

_ [ 2 v b,v ( Vb, tan30 ° + V B, )] 1 a/[ 2 v b.v ( W, ten 30° + v Bl , )]~ - 8gy„v 

_ 


Solving this with the given values gives x = -6.09 m, 1 16.0 m. The positive root is taken. 

.. „ x 116.0m 

Finally, scos30.0 =x 


5 = ■ 


cos 30.0° cos 30.0° 


134 m 


85 


(a) 


(b) 


The tension in the cord is perpendicular to the path at all times, and so the tension in the cord 
does not do any work on the ball. Thus only gravity does work on the ball, and so the 
mechanical energy of the ball is conserved. Subscript 1 represents the ball when it is horizontal, 
and subscript 2 represents the ball at the lowest point on its path. The lowest point on the path 
is the zero location for potential energy (y = 0) . We have y = 0 , y x - /, and y 2 = 0. Solve 

for v 2 . 

E 1 = E 2 — > j mv\ + mgy l = \ mv] + mgy 2 — » mg£ = \ mv] — > v 2 = 

Use conservation of energy, to relate points 2 and 3. Point 2 is as described above. Subscript 3 
represents the ball at the top of its circular path around the peg. The lowest point on the path is 

the zero location for potential energy (y = 0) . We have v 2 = ^ 2g£ , y, = 0, and 

y 3 =2 (/-/j) = 2(/-0.80/) = 0.40/. Solve for v 3 . 

E 2 = E 3 — > j mv\ + mgy 2 = \mv\ + mgy 3 — > \m (2 g/) = ymv\ + /r/y (0.40/ ) — > 

V 3 = yjh2g7 



86. The ball is moving in a circle of radius (/ - h) . If the ball is to complete the circle with the string 

just going slack at the top of the circle, the force of gravity must supply the centripetal force at the 
top of the circle. This tells the critical (slowest) speed for the ball to have at the top of the circle. 

2 

fflV 

mg = — — =gr = g(£-h) 

r 

To find another expression for the speed, we use energy conservation. Subscript 1 refers to the ball 
at the launch point, and subscript 2 refers to the ball at the top of the circular path about the peg. The 
zero for gravitational potential energy is taken to be the lowest point of the ball’s path. Let the speed 
at point 2 be the critical speed found above. 

E x = E 2 — > j mv\ + mgy l = \ mv\ + mgy n — > mg£ = \ mg (/-/;) + 2 mg ( / - h ) — » 
h = 0.6/ 

If h is any smaller than this, then the ball would be moving slower than the critical speed when it 
reaches the top of the circular path, and would not stay in centripetal motion. 
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87. Consider the free-body diagram for the coaster at the bottom of the loop. The net 
force must be an upward centripetal force. 

Z F bo„o I n =F N - mg - m v b 2 oiiom /R -» F n =mg + mv 2 bM0m /R 

bottom bottom 

Now consider the force diagram at the top of the loop. Again, the net force 
centripetal, and so must be downward. 

IXp= F n + trig = m v t 2 op /r -» F n =mvljR-mg. 

top top 

Assume that the speed at the top is large enough that F N > 0, and so v to > 

top 

Now apply the conservation of mechanical energy. Subscript 1 represents the coaster at the bottom 
of the loop, and subscript 2 represents the coaster at the top of the loop. The level of the bottom of 
the loop is the zero location for potential energy (y = 0) . We have y\ = 0 and y 2 = 2 R. 

E i= E i \ mv i + m Sy x = \ mv\ + mgy 2 -» v 2 ottom = v; p + 4 gR 
The difference in apparent weights is the difference in the normal forces. 

- F n = ( m S + m v 2 ottom /R)-(m v 2 p / R- mg) = 2m g + m ( v b 2 ottom - v t 2 op ) / R 

bottom top 

= 2mg + m ( 4 gR )/R = 

Notice that the result does not depend on either v or R . 


6mg 



■ = 1.52 x 10 6 N/m. Use conservation of energy for the jump. Subscript 1 


88. The spring constant for the scale can be found from the 0.5 mm compression due to the 760 N force. 
k _F__ 760 N 

x 5.0xl0~ 4 m 

represents the initial location, and subscript 2 represents the location at maximum compression of the 
scale spring. Assume that the location of the uncompressed scale spring is the 0 location for 
gravitational potential energy. We have v, = v 2 = 0 and y = 1.0 m. Solve for y 2 , which must be 
negative. 

£j = E 2 — > \mv\ + mgy ] = \mv\ + mgy 2 + \ky] — > 

mgy ] = mgy 2 + \ ky 2 — > y 2 + 2 y 2 — 2 y { = y \ + 1 .00 x 1 0~ 3 y 2 - 1 .00 X 10” 3 =0 
y 2 = -3.21 x 10 2 m, 3.11xl0 _2 m 


F , = 

scale 


k\x\= (l.52xl0 6 N/m)(3.21xl0' 2 m) 


4.9x10 N 


89. (a) The work done by the hiker against gravity is the change in gravitational potential energy. 
W a = mgAy = (65 kg) (9.80 m/s 2 ) (4200m - 2800m) = 8.918xl0 5 J 
(b) The average power output is found by dividing the work by the time taken. 


8.9x10 J 


W_ 


8.918x10 J 


49.54 W 


gray _ 

t ~ (5.0h)(3600s/l h) 
f lhp ^ 


■ = 49.54 W 


5-OxlO'W 


746 W 


6.6xl0^hp 


(c) The output power is the efficiency times the input power. 


P , , = 0.157? , 

output input 


_ P uim _ 49.54 W 


0.15 


0.15 


330 W 


0.44 hp 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

251 











Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


90. (a) Draw a free-body diagram for the block at the top of the curve. Since the 
block is moving in a circle, the net force is centripetal. Write Newton’s 
second law for the block, with down as positive. If the block is to be on 
the verge of falling off the track, then F N = 0. 

X + m g = rn V 2 / r -> mg = m v t 2 op / r -> v top = Jgi- 

Now use conservation of energy for the block. Since the track is frictionless, there are no non- 
conservative forces, and mechanical energy will be conserved. Subscript 1 represents the block 
at the release point, and subscript 2 represents the block at the top of the loop. The ground is 

the zero location for potential energy (y = 0) . We have v 1 = 0, y = h, v, = Jgr, and y 2 = 2 r. 
Solve for h. 

E i -E 2 — > ymv 2 + mg\\ = \mv 2 2 + mgy 2 — > 0 + mgh = \mgr + 2mgr — > 

h = 2.5 r 

(b) See the free-body diagram for the block at the bottom of the loop. The net 
force is again centripetal, and must be upwards. 

X F r = F -- ~ m S = m v 2 / r -> F n = mg + m v b 2 ottom / r 

The speed at the bottom of the loop can be found from energy conservation, 
similar to what was done in part (a) above, by equating the energy at the 
release point (subscript 1) and the bottom of the loop (subscript 2). We now have v, = 0, 

Vj =2 h- 5 r, and y 2 = 0. Solve for v 2 . 

E x =E 2 -a \mv] + mgy l = \mv\ + mgy 2 -> 0 + 5 mgr = \mv 2 boa om + 0 ^ 

bottom = 1 °gr F s = mg + m v 2 ottom /r = mg + 1 0 mg = 

(c) Again we use the free body diagram for the top of the loop, but now the normal force does not 
vanish. We again use energy conservation, with v, = 0, y, = 3 r, and v 2 = 0. Solve for v 2 . 

X F R = + m § = m V 2 / r F N = m v 2 p / r - mg 

E { =E 2 —> j mv 2 + mgy l = \mv 2 2 + mgy 2 — > 0 + 3 mgr = \mv 2 + 0 — > 

v ,op = 6 g>' -> = m v 2 p / r - mg = 6m g - mg = 

{d) On the flat section, there is no centripetal force, and F N = mg . 






91 -| (a) Use conservation of energy for the swinging motion. Subscript 1 
represents the student initially grabbing the rope, and subscript 2 
represents the student at the top of the swing. The location where the 
student initially grabs the rope is the zero location for potential 
energy (y = 0). We have v, = 5.0 m/s, y l = 0, and v 2 = 0. Solve 

for y 2 . 

E t = E 2 — » j mv 2 + mg}\ = y mv 2 2 + mg\y_ — > 


2 mvl - mgy 2 -> y 2 =-/- = /; 

2g 

Calculate the angle from the relationship in the diagram. 

T - /? /? v 2 

COSO' = = 1 — = 1 — 

i i 2 gi 
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_1 

r, u] 

/ 

-J 

cos 

1 

= COS 


2gl) 

V 


(5.0m/s) 2 


29 c 


2(9.80 m/s 2 )(l0.0m) 

( b ) At the release point, the speed is 0, and so there is no radial acceleration, 
since a R = v 2 /r. Thus the centripetal force must be 0. Use the free-body 
diagram to write Newton’s second law for the radial direction. 

^ F r =F t - mg cos 6 = 0 — > 

F t = mg cos 6 = (56 kg) (9.80m/s 2 )cos29° 


mg 


0\ 


480N 


(c) Write Newton’s second law for the radial direction for any angle, and solve for the tension. 

F r =F t - mg cos 6 = m v 2 / r — > F T = mg cos 6 + m v 2 /r 

As the angle decreases, the tension increases, and as the speed increases, the tension increases. 
Both effects are greatest at the bottom of the swing, and so that is where the tension will be at 
its maximum. 


T 

max 


92. (a) F(r) = 


F T = mg cos 0 + m v 2 j r = (56 kg) (9.80 m/s 2 ) + - — — 

dU (r) 


690 N 


dr 


(~Vo) 


e~ r/r ° + 


r r V 
-uA 


V r J 


v 


r J 


0 ~ r l r « 


\ r o J 



r 0_ -1 'b/'b 


(b) F(3r 0 )/F(r 0 ) = 


-U 0 ~e 


' 1 O 

1 

V 3r o r o J 


-uAe~ rJr ° 


f \ A 


2 -2 


0.03 


(c) F(r) = - 


dU (r) 


dr 


K) 


r n 


V r J 


-C— 2 

T ; F(\)/F( r ,) = — 


-c 


1 


0.1 


( r o)~ 


The Yukawa potential is said to be “short range” because as the above examples illustrate, the 
Yukawa force “drops off’ more quickly then the electrostatic force. The Yukawa force drops by 
about 97% when the distance is tripled, while the electrostatic force only drops by about 89%. 

93. Energy conservation can be used to find the speed that the water must leave the ground. We take the 
ground to be the 0 level for gravitational potential energy. The speed at the top will be 0. 

E . = E — > \mv 2 . = mg}’ — > v . = - l2gv , - +12 (9.80 m/s 2 )( 33m) = 25.43 m/s 

The area of the water stream times the velocity gives a volume flow rate of water. If that is 
multiplied by the density, then we have a mass flow rate. That is verified by dimensional analysis. 

Avp [m 2 ] [m/s] [kg/m 3 ] = [kg/s] 

Another way to think about it is that Avp is the mass that flows out of the hose per second. It takes a 
minimum force of Avpg to lift that mass, and so the work done per second to lift that mass to a 
height of y top is Avpgy . That is the power required. 
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P = Avpgy iop =n( 1.5xl0' 2 m ) 2 (25.43 m/s) (l.OOxlO 3 kg/m 3 ) (9.80 m/s 2 ) (33m) = 5813 W 


5800 W or 7.8 hp 


94. A free-body diagram for the sled is shown as it moves up the hill. From 
this we get an expression for the friction force. 

y F = F k - mg cos 0 = 0 — » F N = mg cos 0 — > = p k mg cos 0 

(a) We apply conservation of energy with a frictional force as given in 
Eq. 8-15. Subscript 1 refers to the sled at the start of its motion, and 
subscript 2 refers to the sled at the top of its motion. Take the 
starting position of the sled to be the 0 for gravitational potential 
energy. We have v x = 2.4 m/s, y x = 0, and v 2 = 0. The relationship between the distance 

traveled along the incline and the height the sled rises is y 2 = d sin 0. Solve for d. 

E x = E 2 + F f i —> j mv x + mgy x = }mv 2 + mgy 2 + F fi d — » 
j mv x = mgd sin 0 + Liyngd cos 0 — > 



d = 


(2.4 m/s) 2 


■ = 0.4258 m 


0.43 m 


2g (sin# + p k cos 0) 2 (9.80 m/s 2 ) (sin 28° + 0.25 cos 28°) 

(. b ) For the sled to slide back down, the friction force will now point UP the hill in the free-body 
diagram. In order for the sled to slide down, the component of gravity along the hill must be 
large than the maximum force of static friction. 

mg sin 0 > F [r 


ju < 0.53 


> mg sin 6 > jumg cos 0 — > u < tan 28° - 

(c) We again apply conservation of energy including work done by friction. Subscript 1 refers to 
the sled at the top of the incline, and subscript 2 refers to the sled at the bottom of the incline. 
We have v x = 0, y x = d sin#, and y 2 = 0. 

E l= E 2+ F J \ mV ] + m Sy l = + >ngy 2 + F fr d 

mgd sin 0 = \ mv] + ftyngd cos 0 — > 

v 2 = ^2 gd (sin 0 - p k cos 6) = ^2 (9.80 m/ s 2 ) (0.4258 m) (sin 28° - 0.25 cos 28°) 

= 1.4 m/s 


95. We apply conservation of mechanical energy. We take the surface of the Moon to be the 0 level for 
gravitational potential energy. Subscript 1 refers to the location where the engine is shut off, and 
subscript 2 refers to the surface of the Moon. Up is the positive indirection. 

(a) We have v x =0, y x = h, v 2 = 3.0 m/s, and y 2 = 0. 

E t = E 2 — > y mv 2 x + mgy ] = 4 mv\ + mgy 2 — > mgh = | mv\ — » 

h = fL = ( 3 - Qm / s ) 2 

2g 2(l. 62 m/s 2 ) 

(. b ) We have the same conditions except v, = -2.0 m/s. 

E x = E 2 y mv~ + mgy x = \mv\ + mg\y — » y mv x + mgh = y wv 2 


2.8 m 


h = 


2 g 


(3.0m/s)‘ - (-2.0m/s)‘ 
2 ( 1 .62 m / s 2 ) 


1.5 m 
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(c) 


We have the same conditions except v, = 2.0 m/s. And since the speeds, not the velocities, are 
used in the energy conservation calculation, this is the same as part ( b ), and so h- 1.5 m 


E x = E 2 — > + nigVi = y m v\ + mgv 2 — > j- mv\ + mgh = y wv 2 — > 

H = TA = (3.0m/s) : - (-2.0m/s)‘ = m 
2g 2(l.62m/s“) 


96. A free-body diagram for the car is shown. We apply conservation of energy 
with a frictional force as given in Eq. 8-15. Subscript 1 refers to the car at the 
start of its motion, and subscript 2 refers to the sled at the end of the motion. 
Take the ending position of the car to be the 0 for gravitational potential 
energy. We have v, =95 km/h, y 2 =0, and v 2 =35 km/h. The 
relationship between the distance traveled along the incline and the initial 
height of the car is y t - cl sin#. 

E i= E 2 + E ft 2 mv i + mgy t = \mv\ + mgv 2 + E b -» 

E fr = \_m ( v 2 - v 2 ) + mgv x = \m [( v 2 - v 2 ) + 2 gd sin #] 



= y (1500kg) 


^(95km/h)' - (35km/h)~ j 


lm/s 

y 3.6 km/h j 


- 2(9.80 m/s 2 ) (3.0x1 0 2 m) sin 17° 


1.7 x 10 6 J 


97j The energy to be stored is the power multiplied by the time: E = Pt. The energy will be stored as 
the gravitational potential energy increase in the water: E = AU = mg Ay - pVgAv, where p is the 
density of the water, and V is the volume of the water. 

p t (180x10 6 w)(3600 s) 


Pt = pVgAy 


V = 


pgAv (l.00xl0 3 kg/m 3 )(9.80m/s 2 )(380 m) 


1.7x 10 5 m 3 


98. It is shown in problem 52 that the total mechanical energy for a satellite orbiting in a circular orbit of 


radius r is E = -\ 


GmM , 


. That energy must be equal to the energy of the satellite at the surface of 


the Earth plus the energy required by fuel. 

(a) If launched from the equator, the satellite has both kinetic and potential energy initially. The 
kinetic energy is from the speed of the equator of the Earth relative to the center of the Earth. In 
problem 53 that speed is calculated to be 464 m/s. 


F + F = F 

surface ^fuel orbit 


E fael = GmM E 


, GmM „ . GmM , 

A L + = -I L 


R „ 


V^E 


1 

2 r 


\mvl = {(6.67 x 10 _ " N-m 2 /kg 2 ) (1465kg) (5.98 x 10 24 kg) 

' j - (1465 kg) (464 m/s)" 


6.38xl0 6 m 2 (6.38 xl0 6 m + 1.375 xl0 6 m) 


5.38x10 J 
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( b ) If launched from the North Pole, the satellite has only potential energy initially. There is no 
initial velocity from the rotation of the Earth. 

GmM „ , GmM , 

F +F =F — > ^ + F =-- - — > 

^surface fuel orbit fuel 2 

R r T 


E fud = GmM E — = {(6.67 xlCT 11 N-nr/kg 2 ) (1465kg) (5.98 xl0 24 kg) 


R e 2 r 


6.38xl0 6 m 2(6.38xl0 6 m + 1.375xl0 6 m) 


= 5.39xl0 10 J 


99. (a) Use energy conservation and equate the energies at A and B. The distance from the center of 
the Earth to location B is found by the Pythagorean theorem. 


r B = y]( 13, 900 km) 2 + (8230 km) 2 = 16,150 km 



( b ) Use energy conservation and equate the energies at A and C. 
r c = 16,460 km + 8230 km = 24,690 km 



100. (a) The force is found from the potential function by Eq. 8-7. 



(. b ) Find the escape velocity by using conservation of energy to equate the energy at the surface of 
the Earth to the energy at infinity with a speed of 0. 
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Notice that this escape velocity is smaller than the Newtonian escape velocity by a factor of 


101. (a) Assume that the energy of the candy bar is completely converted into a change of potential 
energy. 


r dy 1.1 x 10 6 J 

E , = AU = mgAv — » Av = = — t- 

b“ y ' ' mg (76 kg) (9.8 m/s') 


1500m 


(. b ) If the person jumped to the ground, the same energy is all converted into kinetic energy. 


E , = I mv 2 — > v — 

candy 2 


2 E , 

candy 

bar 

/2 (l.l x 10 6 j) | 


170 m/s 

m ^ 

' (76 kg) 



f 1000 W) 

f 3600 s ) 

(lJ/sj 


3.6xl0 6 J 

l lkW J 

l lh J 

UwJ 




102. (a) 1 kW»h = 1 kW»h 


( b ) (580 W)(l month) = (580 W)(l month) 


f lkW ^ 

( 30d ^ 

i^24h A 

^lOOOW J 

v 1 month y 

l Id J 


= 417.6kW*h 


420kW*h 


(c) 417.6kW*h = 417.6kW*h 

(d) (417.6kW-h) 


f 3.6 x 1 0 6 J ^ 
1 kW-h 


= 1.503x10 J ^ 


1.5x10 J 


( $0.12 / 



= $50.1 1 ~ 

$50 

u kw.hj 




Kilowatt-hours is a measure of energy, not power, and so | no | , the actual rate at which the energy is 
used does not figure into the bill. They could use the energy at a constant rate, or at a widely varying 
rate, and as long as the total used is about 420 kilowatt-hours, the price would be about $50. 


|103.| The only forces acting on the bungee jumper are gravity and the elastic force from the bungee cord, 
so the jumper’s mechanical energy is conserved. Subscript 1 represents the jumper at the bridge, and 
subscript 2 represents the jumper at the bottom of the jump. Let the lowest point of the jumper’s 
motion be the zero location for gravitational potential energy (y = 0) . The zero location for elastic 
potential energy is the point at which the bungee cord begins to stretch. See the diagram in the 
textbook. We have = v 2 = 0, y, - h, y, = 0, and the amount of stretch of the cord x 2 - h - 15. 
Solve for h. 


E l -E 2 — > | mv 2 + mg\\ + j kx 2 = \mv 2 2 + mg\’ 2 +\kx\ — > mgh = j k (h - 15)' 


— > 


30 + 2^1 
k J 


h + 225 = 0 ^ /f - 59.4/7 + 225 = 0 


h = 


59.4 ± ,/59.4 2 -4(225) 

= 55m,4m — > h = 

2 


60 m 


The larger answer must be taken because h > 15 m. And only 1 significant figure is justified. 
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104. See the free-body diagram for the patient on the treadmill. We assume that there 
are no dissipative forces. Since the patient has a constant velocity, the net force 
parallel to the plane must be 0. Write Newton’s second law for forces parallel to 
the plane, and then calculate the power output of force F p . 

E parallel = F r ~ m S sin 0 = 0 -> F p = m g sin 6 


P = F p v - 777gvsin# - (75 kg) (9. 8 m/ s 2 )(3.3km/h) 


f 1 m/s ' 
v 3.6 km/h y 


sin 12° 


= 140.1 W « 


HOW 


This is 1.5 to 2 times the wattage of typical household light bulbs (60-100 W). 



105. (a) Assume that there are no non-conservative forces on the rock, and so its mechanical energy is 
conserved. Subscript 1 represents the rock as it leaves the volcano, and subscript 2 represents 
the rock at its highest point. The location as the rock leaves the volcano is the zero location for 
PE ( v = 0) . We have y, = 0, y 2 = 500m, and v, = 0. Solve for v,. 

£j = E 2 — » y 777 V, 2 + mg}\ = y 777v/ + 777g)’ 2 — » y 777 V, 2 = 777gy 2 — » 

v, - yj2gy 2 - ^2(9.80m/s 2 )(320m) = 79.20 m/s = 

( b ) The power output is the energy transferred to the launched rocks per unit time. The launching 
energy of a single rock is y?7iv 2 , and so the energy of 1000 rocks is 1000(y?77v 2 ). Divide this 

energy by the time it takes to launch 1000 rocks (1 minute) to find the power output needed to 
launch the rocks. 

_ 1000(/777V 1 2 ) _ 500 (450 kg) (79.20 m/s) 2 
t 60 sec 


2.4 x 10 7 W 


79 m/s 


106. Assume that there are no non-conservative forces doing work, so the mechanical energy of the 
jumper will be conserved. Subscript 1 represents the jumper at the launch point of the jump, and 
subscript 2 represents the jumper at the highest point. The starting height of the jump is the zero 
location for potential energy (y = 0) . We have y, = 0, y 2 = 1.1m, and v 2 = 6.5 m/s. Solve for v,. 


Ej = E } — > y 777V, 2 + 777gy, = y 777l/ + 777g}’ 2 — > 

v, = yjvl + 2gy, = ^(6.5 m/s)” +2(9.80m/s 2 )(l.l m) 


8.0m/s 


107. (a) The work done by gravity as the elevator falls is the opposite of the change in gravitational 
potential energy. 

^av = -A^rav = ^ ~U 2 = mg^-y,) = ( 920 kg) ( 9. 8 m/s 2 ) ( 24 m) 


0 b ) 


= 2.164x10 5 J 


2.2 x 10 5 J 


Gravity is the only force doing work on the elevator as it falls (ignoring friction), so this result 
is also the net work done on the elevator as it falls. 

The net work done on the elevator is equal to its change in kinetic energy. The net work done 
just before striking the spring is the work done by gravity found above. 

w a = e 2 - K , -» mg(y,-y 2 ) = jmv 2 -0 -» 


j 2 g 

(a-T 2 ) =yj 

^2(9.80 m/s 2 ) (24m) =21.69m/s= : 

22 m/s 
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(c) 


Use conservation of energy. Subscript 1 represents the elevator just before striking the spring, 
and subscript 2 represents the elevator at the bottom of its motion. The level of the elevator just 
before striking the spring is the zero location for both gravitational potential energy and elastic 
potential energy. We have Vj = 21.69m/s, y, = 0, and v 2 = 0. We assume that y 2 < 0. 


^=E 2 -> i 


yj+2 


mg 


| mv 2 { + mgy i + \ ky; = j mv\ + mgy 2 + j ky\ -> 
2 mg 

y 2 ~ — 


- + 


m 


n *-** -0 


k 


V 


4m 2 g 2 , mv," 

— f^ + 4 — L 

k k 


-mg 


±y/i 


m~ g~ + m&v/ 


k 


k k z 

We must choose the negative root so that y 2 is negative. Thus 

- (920kg) (9.80m/s 2 ) - ,J(920kg) 2 (9.80 m/s 2 ) 2 + (920kg) (2.2 x 10 5 N/m) (21 .69 m/s) 2 
72 2.2xl0 5 N/m 


= -1.4m 


108. (a) The plot is included here. To find the 
crossing point, solve U(r) - 0 for r. 

2 1 ' 


U(r)=U 0 


4--=o 


= 0 


r = 2 


r r 

To find the minimum value, set 

= 0 and solve for r. 
dr 



dU 

dr 


= U n 


1 4 1 

= 0 - 

4 1 


1 

1 

>! w | 
+ 

| 

1 

Nk 

1 

| 

+ 

I 

II 

0 

1 

r = 4 




The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4 ISM CH08.XLS,” on tab “Problem 8.108a.” 


(b) 


The graph is redrawn with the energy 
value included. The approximate 
turning points are indicated by the 
small dots. An analytic solution to 
the relationship U (r) = -0.050(7 0 


gives r ~ 2.3 , 17.7. The maximum 
kinetic energy of the particle occurs 
at the minimum of the potential 
energy, and is found from 
E = K + U. 

E = K + U -» 



-0.050U, =K + U(r = 4) = K + U 0 (±-±) -» K = jU 0 - 0.050U 0 


0.075U o 
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dU 


d 2 U 


|109.|A point of stable equilibrium will have = 0 and — — > 0, indicating a minimum in the potential 

dx dx " 


equilibrium function. 

/ s a , dU a 

U(x) = — vhx = — - + b = 0 

x dx 


2 a 

x — — 
b 


x = 


±JaJb 


But since the problem restricts us to x > 0 , the point of must be x = 

2 a 2 


\fafb 


d 2 U 


dx" 


2 a 

3 


(a/b)'" ab 3 


> 


0, and so the point x = - <Ja/b gives a minimum in the 


potential energy function. 


J Fdr + C = -J F n 


( a' 

13 

( (7 ' 

7 “I 

dr + C = 

Fa 

'fa' 

12 

( a ' 

el 


2 





0 





+ c 


l r ) 


l r ) 



6 

yr ) 


l r ) 




( b ) The equilibrium distance occurs at the location where the force is 0. 

r , .. is , . ii 

F = F r 


^Y 3 


<7 

V r oJ 


a 

V r o ) 


= 0 -> r 0 = 2 1/6 (j = 2 1/6 (3.50x10 “m) = 


3.93xl0~“m 


V v / vuyj 

draw the graphs in terms of r 0 , and to scale them to the given constants, the 

loi/o Koom MorotYiofoi , i r 7orl o c fnll mi70 


(c) In order to „ , ----- 

functions have been parameterized as follows 


F(r) = F 0 
F(r)_ 


M 13 

V r ) 


\ r J 


= F n 


^~YV,.y 3 


V r o 


) /r) 


V'o J 


\rj 


— » 


F„ 


( 


13 


f 


r 


V r o) W 


r \ 


V'o J 


V r o J 


/ \ Fx T 

u( r ) — ~~~ 


fa Y 2 fa' 

k r J 


V r ) 


F 0 a 


fa\ 

v r oJ 




- 12 /_\ 


V r 0 J 


f 


V r o) V’oJ 


— > 


II 

1 


12 

(ay 

el 

1 


( a ' 

12 

( r \ 

-12 

( a ' 

6 

( r \ 

-6 

F 0 a 6 

K r ) 


l r ) 


” 6 


U 2 


Uj 




Uj 
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CHAPTER 9: Linear Momentum 


Responses to Questions 

[T] Momentum is conserved if the sum of the external forces acting on an object is zero. In the case of 
moving objects sliding to a stop, the sum of the external forces is not zero; friction is an unbalanced 
force. Momentum will not be conserved in that case. 


2. With the spring stretched, the system of two blocks and spring has elastic potential energy. When the 
blocks are released, the spring pulls them back together, converting the potential energy into kinetic 
energy. The blocks will continue past the equilibrium position and compress the spring, eventually 
coming to rest as the kinetic energy changes back into potential energy. If no thermal energy is lost, 
the blocks will continue to oscillate. The center of mass of the system will stay stationary. Since 

momentum is conserved, and the blocks started at rest, m l v { = -m 2 v 2 at all times, if we assume a 
massless spring. 


The heavy object will have a greater momentum. If a light object ni\ and a heavy object /r/ 2 have the 
same kinetic energy, then the light object must have a larger velocity than the heavy object. If 


■j WjVj 2 = \m 2 v z 2 , where m ! < 7772 , then v, = v, I—. The momentum of the light object is 


777, 


777, 


777 


777 


777 


777 1 v 1 = m l v 2 — 1 = 777 , v, I — L . Since the ratio — - is less than 1, the momentum of the light object 


777, 


I 777, 


777, 


will be a fraction of the momentum of the heavy object. 


4. The momentum of the person is changed (to zero) by the force of the ground acting on the person. 
This change in momentum is equal to the impulse on the person, or the average force times the time 
over which it acts. 


5. As the fish swishes its tail back and forth, it moves water backward, away from the fish. If we 
consider the system to be the fish and the water, then, from conservation of momentum, the fish 
must move forward. 


6. (d) The girl moves in the opposite direction at 2.0 m/s. Since there are no external forces on the pair, 

momentum is conserved. The initial momentum of the system (boy and girl) is zero. The final 
momentum of the girl must be the same in magnitude and opposite in direction to the final 
momentum of the boy, so that the net final momentum is also zero. 

[ 7 ] (d) The truck and the car will have the same change in the magnitude of momentum because 

momentum is conserved. (The sum of the changes in momentum must be zero.) 

8. Yes. In a perfectly elastic collision, kinetic energy is conserved. In the Earth/ball system, the kinetic 
energy of the Earth after the collision is negligible, so the ball has the same kinetic energy leaving 
the floor as it had hitting the floor. The height from which the ball is released determines its potential 
energy, which is converted to kinetic energy as the ball falls. If it leaves the floor with this same 
amount of kinetic energy and a velocity upward, it will rise to the same height as it originally had as 
the kinetic energy is converted back into potential energy. 
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9. 

10 . 


11 . 


12 . 


13. 


14. 


15. 


16. 


17. 


18. 


19 


In order to conserve momentum, when the boy dives off the back of the rowboat the boat will move 
forward. 

He could have thrown the coins in the direction opposite the shore he was trying to reach. Since the 
lake is frictionless, momentum would be conserved and he would “recoil” from the throw with a 
momentum equal in magnitude and opposite in direction to the coins. Since his mass is greater than 
the mass of the coins, his speed would be less than the speed of the coins, but, since there is no 
friction, he would maintain this small speed until he hit the shore. 

When the tennis ball rebounds from a stationary racket, it reverses its component of velocity 
perpendicular to the racket with very little energy loss. If the ball is hit straight on, and the racket is 
actually moving forward, the ball can be returned with an energy (and a speed) equal to the energy it 
had when it was served. 

Yes. Impulse is the product of the force and the time over which it acts. A small force acting over a 
longer time could impart a greater impulse than a large force acting over a shorter time. 

If the force is non-constant, and reverses itself over time, it can give a zero impulse. For example, 
the spring force would give a zero impulse over one period of oscillation. 

The collision in which the two cars rebound would probably be more damaging. In the case of the 
cars rebounding, the change in momentum of each car is greater than in the case in which they stick 
together, because each car is not only brought to rest but also sent back in the direction from which it 
came. A greater impulse results from a greater force, and so most likely more damage would occur. 

(a) No. The ball has external forces acting on it at all points of its path. 

( b ) If the system is the ball and the Earth, momentum is conserved for the entire path. The forces 
acting on the ball- Earth system are all internal to the system. 

(c) For a piece of putty falling and sticking to a steel plate, if the system is the putty and the Earth, 
momentum is conserved for the entire path. 

The impulse imparted to a car during a collision is equal to the change in momentum from its initial 
speed times mass to zero, assuming the car is brought to rest. The impulse is also equal to the force 
exerted on the car times the time over which the force acts. For a given change in momentum, 
therefore, a longer time results in a smaller average force required to stop the car. The “crumple 
zone” extends the time it takes to bring the car to rest, thereby reducing the force. 

For maximum power, the turbine blades should be designed so that the water rebounds. The water 
has a greater change in momentum if it rebounds than if it just stops at the turbine blade. If the water 
has a greater change in momentum, then, by conservation of momentum, the turbine blades also 
have a greater change in momentum, and will therefore spin faster. 

(a) The direction of the change in momentum of the ball is perpendicular to the wall and away from 
it, or outward. 

( b ) The direction of the force on the ball is the same as the direction of its change in momentum. 
Therefore, by Newton’s third law, the direction of the force on the wall will be perpendicular to 
the wall and towards it, or inward. 

When a ball is thrown into the air, it has only a vertical component of velocity. When the batter hits 
the ball, usually in or close to the horizontal direction, the ball acquires a component of velocity in 
the horizontal direction from the bat. If the ball is pitched, then when it is hit by the bat it reverses its 
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horizontal component of velocity (as it would if it bounced off of a stationary wall) and acquires an 
additional contribution to its horizontal component of velocity from the bat. Therefore, a pitched ball 
can be hit farther than one tossed into the air. 

20. A perfectly inelastic collision between two objects that initially had momenta equal in magnitude but 
opposite in direction would result in all the kinetic energy being lost. For instance, imagine sliding 
two clay balls with equal masses and speeds toward each other across a frictionless surface. Since 
the initial momentum of the system is zero, the final momentum must be zero as well. The balls stick 
together, so the only way the final momentum can be zero is if they are brought to rest. In this case, 
all the kinetic energy would be lost. 

21. ( b ) Elastic collisions conserve both momentum and kinetic energy; inelastic collisions only conserve 
momentum. 


22. Passengers may be told to sit in certain seats in order to balance the plane. If they move during the 
flight, they could change the position of the center of mass of the plane and affect its flight. 

23. You lean backward in order to keep your center of mass over your feet. If, due to the heavy load, 
your center of mass is in front of your feet, you will fall forward. 


24. A piece of pipe is typically uniform, so that its center of mass is at its geometric center. Your arm 
and leg are not uniform. For instance, the thigh is bigger than the calf, so the center of mass of a leg 
will be higher than the midpoint. 


£5 


Lying down 



Sitting up 


0 



CM is within the body, CM is outside the 

approximately half-way body, 

between the head and feet. 


26. Draw a line from each vertex to the midpoint of the opposite side. The center of mass will be the 
point at which these lines intersect. 

27. When you stand next to a door in the position described, your center of mass is over your heels. If 
you try to stand on your toes, your center of mass will not be over your area of support, and you will 
fall over backward. 

28. If the car were on a ffictionless surface, then the internal force of the engine could not accelerate the 
car. However, there is friction, which is an external force, between the car tires and the road, so the 
car can be accelerated. 

29. The center of mass of the system of pieces will continue to follow the original parabolic path. 

30. Far out in space there are no external forces acting on the rocket, so momentum is conserved. 
Therefore, to change directions, the rocket needs to expel something (like gas exhaust) in one 
direction so that the rest of it will move in the opposite direction and conserve momentum. 
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If there were only two particles involved in the decay, then by conservation of momentum, the 
momenta of the particles would have to be equal in magnitude and opposite in direction, so that the 
momenta would be required to lie along a line. If the momenta of the recoil nucleus and the electron 
do not lie along a line, then some other particle must be carrying off some of the momentum. 


32. Consider Bob, Jim, and the rope as a system. The center of mass of the system is closer to Bob, 
because he has more mass. Because there is no net external force on the system, the center of mass 
will stay stationary. As the two men pull hand-over-hand on the rope they will move toward each 
other, eventually colliding at the center of mass. Since the CM is on Bob’s side of the midline, Jim 
will cross the midline and lose. 


33. The ball that rebounds off the cylinder will give the cylinder a larger impulse and will be more likely 
to knock it over. 


Solutions to Problems 


[l] The force on the gas can be found from its change in momentum. The speed of 1300 kg of the gas 
changes from rest to 4.5 xlO 4 m/s , over the course of one second. 

Ap 77 2 A V 772 / 4 / \ / i \ i 

- Av — = (4.5x10 m/sj(1300kg/s) = 5.9x10 N, opposite to the velocity 


F - 


At At 

The force on the rocket is the Newton’s third law pair (equal and opposite) to the force on the gas, 
and so is 5.9 x 1 0 7 N in the direction of the velocity 


2. For a constant force, Eq. 9-2 can be written as Ap = FA?. For a constant mass object, Ap = 77? Av. 
Equate the two expressions for Ap. 

FA? 


FA? = 777 Av 


Av = ■ 


777 


If the skier moves to the right, then the speed will decrease, because the friction force is to the left. 
FA? _ (25N)(l5s) 


Av = 

777 65 kg 

The skier loses 5.8 m/s of speed. 


-5.8 m/s 


3. The force is the derivative of the momentum with respect to time. 

i/p 7/(4.8? 2 i-8.0j -8.9?k) 

F = — = 

dt dt 


(9.6?i-8.9k)N 


4. The change in momentum is the integral of the force, since the force is the derivative of the 
momentum. 

? 2 ?=2.0s 

F = -J- — > p = jfW?= I (26i — 12? 2 j ) <r/? = (26?i-4? 3 j) ^ = (26i-28j)kg»m/s 


5. The change is momentum is due to the change in direction. 


Ap = m(y f - v 0 ) = (0.145kg)(30.0m/s j-30.0m/si) = 4.35kg*m/s(j-i) 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

265 









Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


6. The average force is the change in momentum divided by the elapsed time. Call the direction from 
the batter to the pitcher the positive x direction, and call upwards the positive y direction. The initial 
momentum is in the negative x direction, and the final momentum is in the positive y direction. The 
final y-velocity can be found using the height to which the ball rises, with conservation of 
mechanical energy during the rising motion. 

7 mv 2 y = mgh — > v y = ^2gh = ^2(9.80m/s 2 )(36.5m) - 26.75 m/s 
r 26.75j m/s - (-32. Oi m/ s) ^ 


-^initial -^final 


— > "T t 


Ap 


F =^ = — (v,-v 0 ) = (0.145 kg) 
avB At A t K f K ’ 


F y =J( 1856N) +(1552N) = 


2400 N 


2.5x10 s 
, 1552 N 


= (l856i + 1552j)N 


9 = tan 


1856N 


39.9 C 


|/] To alter the course by 35.0°, a velocity perpendicular to the original velocity must be added. Call 
the direction of the added velocity, v add , the positive direction. From the diagram, we see that 
v add = v ori g tan The momentum in the peipendicular direction will be 
conserved, considering that the gases are given perpendicular momentum in the 
opposite direction of v add . The gas is expelled oppositely to v add , and so a 
negative value is used for v ± as . 


Pi 

before 


— p, — > 0 = m v . +(m , — m ) v , . 

-t J. gas -L gas \ rocket gas / add 



m = 

gas 


(3180kg)(ll5m/s)tan35.0 c 


( v add- v ± g a S ) [(l 15 m/s) tan 35.0° - (-1750 m/s)] 


1.40xl0 2 kg 


The air is moving with an initial speed of 120 km/h 


lm/s 

v 3.6km/h j 


= 33. 33 m/s. Thus, in one second, a 


volume of air measuring 45 m x 65 m x 33.33 m will have been brought to rest. By Newton’s third 
law, the average force on the building will be equal in magnitude to the force causing the change in 
momentum of the air. The mass of the stopped air is its volume times its density. 

mAv V pAv (45m) (65m) (33.33m) (l. 3 kg/m 3 ) (33. 33 m/s - 0) 

At At At Is 


F = ^ = - 


4.2x10 N 


9. Consider the motion in one dimension, with the positive direction being the direction of motion of 
the first car. Let A represent the first car and B represent the second car. Momentum will be 
conserved in the collision. Note that v B = 0. 

/Cnia, = /T„ai -> m A v A + m B v B = {m A +m B )v' 

777 A (v A - v ) (7700kg) (l8m/s- 5. Om/s) 


5.0 m/s 


2.0xl0 4 kg 


10. Consider the horizontal motion of the objects. The momentum in the horizontal direction will be 
conserved. Let A represent the car and B represent the load. The positive direction is the direction 
of the original motion of the car. 

P ini.ial = P S „al ™A V A + = (™A + ) V ' 
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, _ m A v A + m B v B _ (9150kg) (l5.0m/s) + 0 
7 n A +m B (9150kg) + (4350kg) 


= 10.2 m/s 


1 1 . Consider the motion in one dimension, with the positive direction being the direction of motion of 
the alpha particle. Let A represent the alpha particle, with a mass of m A , and let B represent the 

daughter nucleus, with a mass of 51 m A . The total momentum must be 0 since the nucleus decayed 


at rest. 


P initial P final 


o = m A v' A + m B v' B 
m A ^2.8 xlO 5 m/s) 


— > v B - 4900 m/s 


Note that the masses do not have to be converted to kg, since all masses are in the same units, and a 
ratio of masses is what is significant. 

12. The tackle will be analyzed as a one-dimensional momentum conserving situation. Let A represent 
the halfback and B represent the tackier. We take the direction of the halfback to be the positive 
direction, so v A > 0 and v B < 0. 


initial * final 


^A +m B V B=( m A +m B ) V ' 


m A v A + m B v B _ (82kg) (5.0 m/s) + (130 kg) (-2. 5 m/s) 


= 0.40 1 m/s ~ 0.4 m/s 


m A + 777 B 82 kg + 1 30 kg 1 

They will be moving it the direction that the halfback was running before the tackle. 


The throwing of the package is a momentum-conserving action, if the water resistance is ignored. 
Let A represent the boat and child together, and let B represent the package. Choose the direction 
that the package is thrown as the positive direction. Apply conservation of momentum, with the 
initial velocity of both objects being 0. 

P initial = P final “> Oa + ) V = + "VT “> 

777 b v (5.70kg) (I0.0m/s) _ I , 1 


= -0.966 m/s 


777 A (24.0kg + 35.0kg) 1 1 

The boat and child move in the opposite direction as the thrown package, as indicated by the 
negative velocity. 

14. Consider the motion in one dimension, with the positive direction being the direction of motion of 
the original nucleus. Let A represent the alpha particle, with a mass of 4 u, and let B represent the 
new nucleus, with a mass of 2 1 8 u. Momentum conservation gives the following. 

P initial = P final “> (»*A + W B ) V = W A V 1 + W B V B 

_(m A + m B )v-,n B v' B _ (222 u) (420 m/s) - (2 1 8 u) (350 m/s) _ 1 , 1 


' _ V A B / ^ at J y w ill/ o f _ m /s 

A 777 A 4.0 U 

Note that the masses do not have to be converted to kg, since all masses are in the same units, and a 
ratio of masses is what is significant. 

15. Momentum will be conserved in one dimension in the explosion. Let A represent the fragment with 
the larger kinetic energy. 


P initial P final 


o = 777 A v/ + 777 b v' b 
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K a =2K b 


i /2 

V”a v a 



r 

/ 

\ 

( i ,/2 \ 


m A V A 


) = m B 





V 

m B 

y 


m , 


m a 


The fragment with the larger kinetic energy has half the mass of the other fragment. 


16. 


Consider the motion in one dimension with the positive direction being the direction of motion of the 
bullet. Let A represent the bullet and B represent the block. Since there is no net force outside of the 
block-bullet system (like friction with the table), the momentum of the block and bullet combination 
is conserved. Note that v B = 0. 


P initial Pfi i 


m A v A + m B v B = m A v A + m B v B 


' _ ffl A( V A- V l) 

V B 

m B 


(0.022 kg) (210m/s-150m/s) 
2d)kg 


0.66 m/s 


17. Momentum will be conserved in two dimensions. The fuel was ejected in the y direction as seen by 
an observer at rest, and so the fuel had no v- component of velocity in that reference frame. 

P, : W r„cke. V 0 =C brocket ~ ™fuel K + ™fuel 0 = f "Locke/ V x 


2 V 0 


Py : 
Thus v = 


0 = "LueTfud 


+ ( 


m 


m f . 


l) V y = J "Locke. ( 2v o) + f 


m ,y 

rocket y 


V .v = “ V 0 


lv- 


V oi 


18. Since the neutron is initially at rest, the total momentum of the three particles after the decay must 
also be zero. Thus 0 = p , +p,„ + p ... Solve for any one of the three in terms of the other 

two: p , =-(p,. +p , . ). Any two vectors are always coplanar, since they can be translated 

so that they share initial points. So in this case the common initial point and their two terminal 
points of the electron and neutrino momenta define a plane, which contains their sum. Then, since 
the proton momentum is just the opposite of the sum of the other two momenta, it is in the same 
plane. 


19.| Since no outside force acts on the two masses, their total momentum is conserved. 

2.0 kg r 


/w,v, = WjV, + m 2 \ 2 


2 = — (Vi-Vi) = 


/77, 


3.0 kg 


(4.0i + 5.0j - 2.0k) m/s - (-2.0i + 3.0k) m/sj 


(6.0i + 5.0j-5.0k)m/sl 
3.0kg LV ; J 


(4.0i + 3.3j- 3.3k) m/s 


20. (a) Consider the motion in one dimension with the positive direction being the direction of motion 
before the separation. Let A represent the upper stage (that moves away faster) and B represent 
the lower stage. It is given that m A = m B , v A = v B = v, and v B =v A - v rel . Momentum 
conservation gives the following. 

P initial = P final + W B ) V = W A V 1 + W B V B = + “ Lei ) 

, _ (m A +m B )v + m B v Kl _ (925 kg) (6.60 x IQ 3 m/s) + / (925 kg) (2.80 x 10 3 m/s) 

(m A + m B ) (925 kg) 
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3.00 x 1 0 3 m / s , away from Earth 


v' B = v' A - v rel = 8.00 xlO 3 m/s - 2.80 x 10 3 m/s = 5.20 x 10 3 m/s, away from Earth 


(. b ) The change in kinetic energy was supplied by the explosion. 

AK = K r ml ~ = (i m A v; + j m B v; ) - i (m A + m B ) v 2 

= y (462.5 kg) (8.00xl0 3 m/s) 2 +(5.20xl0 3 m/s)T -i(925 kg)(6.60xl0 3 m/s) 2 
= 9.065 x 10 s J ~ |9 x 1 0 8 J 


21. (a) For the initial projectile motion, the horizontal velocity is constant. The velocity at the highest 
point, immediately before the explosion, is exactly that horizontal velocity, v x = v 0 cos 9. The 

explosion is an internal force, and so the momentum is conserved during the explosion. Let v 3 
represent the velocity of the third fragment. 

P before = P after « T) COS d\ = ± TH V„ COS d\ + 4 «V # COS 9 ( - j ) + j WVj -» 

v 3 = 2v 0 cos#i + v 0 cos^j = 2 (ll 6 m/s) cos 60. 0°i + (l 16 m/s) cos 60.0° j 


(I16m/s)i + (58.0 m/s) j 


This is 130 ms at an angle of 26.6° above the horizontal. 

(b) The energy released in the explosion is K dftcr - K bcfoie . Note that 1 / = (2v 0 cos 0)~ + (v 0 cos 0)~ 


= 5v 2 cos' 9. 


^^allcr "^before 


^(}»7)(v 0 cos6 1 )" +|(iw)(v 0 cos(9) 2 +{(}m)v 3 2 ]-|m(v 0 cos6») 2 
= y»?{[yv 2 cos 2 9 + \v 2 0 cos 2 9 + j-(5v 2 cos 2 - v 2 cos 2 9 j 

= yf/wv 2 cos 2 9 = y(224kg)(ll6m/s)~ cos 2 60.0° = | 


5.02x10 J 


22. Choose the direction from the batter to the pitcher to be the positive direction. Calculate the average 
force from the change in momentum of the ball. 

An = F At = mAv — > 

r avg 

f 56.0m/s - (-35.0m/s)^ 


Favg =m ^p(°- 145kg ) 


5.00x10 s 


2640 N, towards the pitcher 


23 . (a) The impulse is the change in momentum. The direction of travel of the struck ball is the 
positive direction. 


Ap = mAv = (4.5x10 2 kg)(45m/s-0) = 2.0 kg*m/s , in the forward direction 

( b ) The average force is the impulse divided by the interaction time. 

— _ Ap _ 2.0 kg*m/s 


At 3.5x10 s 


580N 


, in the |forward| direction 


24. (a) The impulse given to the nail is the opposite of the impulse given to the hammer. This is the 
change in momentum. Call the direction of the initial velocity of the hammer the positive 
direction. 


A Pn*n = -Shammer = “ WV = ( 1 2 kg ) ( 8.5 m / S ) - 0 = 1 . 0 X 1 Q 2 kg-lll/s 
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( b ) The average force is the impulse divided by the time of contact. 


A p 1.0x10" kg*m/s 
avg _ A t~ 8.0xl0~ 3 s 


1.3x10 N 


25 


The impulse given the ball is the change in the ball’s momentum. From the symmetry of the 
problem, the vertical momentum of the ball does not change, and so there is no vertical impulse. 
Call the direction AWAY from the wall the positive direction for momentum perpendicular to the 
wall. 

A p ± = mv L - mv L = m (v sin 45° — v sin 45° ) = 2 mv sin 45° 

final initial 


= 2(6.0x10 2 km) (25 m/s) sin 45° 


2. lkg* m/s, to the left 


26. (a) The momentum of the astronaut-space capsule combination will be conserved since the only 
forces are “internal” to that system. Let A represent the astronaut and B represent the space 
capsule, and let the direction the astronaut moves be the positive direction. Due to the choice of 
reference frame, v A = v B = 0. We also have v( = 2.50 m/s. 

P initial = P 'final W A V A + V B = 0 = ™A V 1 + ™B V B 


b =-W — = -(2.50 m/s) 


m„ 


130 kg 
1700 kg 


= -0.1912m/s « I -0.1 9 m/s 


The negative sign indicates that the space capsule is moving in the opposite direction to the 
astronaut. 

( b ) The average force on the astronaut is the astronaut’s change in momentum, divided by the time 
of interaction. 

A p m (v' A - v A ) (130 kg)(2.50m/s-0) 


av§ At At 

(c) ^_=l(l30kg)(2.50m/s) 2 = 

Capsule = y(l700 kg) (-0.1912 m/s) 2 = 


0.500 s 


6.5xlO"N 


4.0x10" J 


31 J 


27. 


If the rain does not rebound, then the final speed of the rain is 0. By Newton’s third law, the force on 
the pan due to the rain is equal in magnitude to the force on the rain due to the pan. The force on the 
rain can be found from the change in momentum of the rain. The mass striking the pan is calculated 
as volume times density. 


F 

avg 


A p 

At 


[mv f - m v () ) 
At 


m 

At 



pV 

v 

At 


0 


pAh 

At 


h_ 

At 


PAv „ 


= ^ (l- 00 xl 03 k g/ m3 )( 1 - 0m2 )( 8 - 0m / s ) 


lh 


3 600 s 

lh 


0.1 1 N 


28. (a) 


The impulse given the ball is the area under the F vs. t graph. Approximate the area as a 
triangle of “height” 250 N, and “width” 0.04 sec. A width slightly smaller than the base was 
chosen to compensate for the “inward” concavity of the force graph. 


Ap = f(250 N)(0.04 s) 


5N*s 
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( b ) The velocity can be found from the change in momentum. Call the positive direction the 
direction of the ball’s travel after being served. 

/ \ Ap 5N*s 

A p = m Av = m v , - v. — > v, = v. H = 0 H = 

1 7 f ‘ m 6.0x10 kg 

29. Impuse is the change of momentum, Eq. 9-6. This is a one-dimensional configuration. 

J = Ap = m (v fmal - v 0 ) = (0.50kg) (3.0m/s) = 





30. (a) See the adjacent graph. The soo 

spreadsheet used for this problem s. 

can be found on the Media 600 

Manager, with filename 

“PSE4_ISM_CH09.XLS,” on tab - 400 X. 

“Problem 9.30a.” 

( b ) The area is trapezoidal. We 200 -X 

estimate values rather than 

calculate them. 0 ^ 1 1 1 1 

j _ J-(750N + 50 N) (0 0030 s) 0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 

l ' t (s) 

= 1.2N»s| 

0.0030 

(c) J = jfdt= J [740-(2.3xl0 5 )t]<r/t = [740t-(l.l5xl0 5 )r]“° O3OS 

0 

= (740N) (0.0030s) -(l. 15 xl0 5 N/s) (0.0030s) 2 = 1.185N»s « |l.2N-s 

(d) The impulse found above is the change in the bullet’s momentum 

J = Ap = mAv — > m = — = — = 4.558 x 10 3 kg » 4.6g 


Av 260 m/s 


= 4.558 xl(Pkg* 4.6g 


(e) The momentum of the bullet-gun combination is conserved during the firing of the bullet. Use 
this to find the recoil speed of the gun, calling the direction of the bullet’s motion the positive 
direction. The momentum before firing is 0. 

P initial = P‘-' -> 0 = W -> 


initial final 


11 t v. „ , - m v 

bullet bullet gun gun 


P.558xl0-’kg)(260m/ s ) 


4.5 kg 


= 0.26 m/s 


31. (a) Since the velocity changes direction, the momentum changes. Take the final velocity to be in 

the positive direction. Then the initial velocity is in the negative direction. The average force is 
the change in momentum divided by the time. 



( b ) Now, instead of the actual time of interaction, use the time between collisions in order to get the 
average force over a long time. 
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32. (a) The impulse is the change in momentum. Take upwards to be the positive direction. The 
velocity just before reaching the ground is found from conservation of mechanical energy. 

^initial = £ fina, mgh = \mv 2 y -» v„ = -Jlgh = -^2 (9.80 m/s 2 ) (3.0 m) = 7.668 m/s 

J = Ap = m (y -y 0 ) = (65kg) (-7.668 m/s) = 498kg*m/s = 5. Ox 10 2 kg*m/s, upwards 

(. b ) The net force on the person is the sum of the upward force from the ground, plus the downward 
force of gravity. 

F = F , - mg = ma — > 

net ground <-> 




0-(-7.668m/s) 2 
2 (-0.010m) 


(c) 


= 1.9 xlO 5 m/s, upwards 

This is about 300 times the jumper’s weight. 
We do this the same as part (6). 


(v,-v 0 ) , ,i , i 2 v 0- (-7.668 m/s)' 

^ - 1 = (65kg) (9.80m/s‘) + — 

2Ax 't v ’ 2 (-0.50m) 


= 4.5xl0 3 m/s, upwards 
This is about 7 times the jumper’s weight. 


33. Take the upwards direction as positive. 

(a) The scale reading as a function of time will be due to two components - the weight of the 

(stationary) water already in the pan, and the force needed to stop the falling water. The weight 
of the water in the pan is just the rate of mass being added to the pan, times the acceleration due 
to gravity, times the elapsed time. 

K*. = = (0. 14 kg/s) (9. 80 m/s 2 )t = (1.372*) N * (1.4*) N 

in pan ZAt 

The force needed to stop the falling water is the momentum change per unit time of the water 

A p 

striking the pan, F tostop = — . The speed of the falling water when it reaches the pan can be 

moving At 
water 

found from energy conservation. We assume the water leaves the faucet with a speed of 0, and 
that there is no appreciable friction during the fall. 

^water = ^water mgk = \mV -» V„ = ~^h 

at faucet at pan pan 

The negative sign is because the water is moving downwards. 

= ^ = = (0.14 kg/s) (0 - -^2 (9. 80 m/s 2 ) (2.5 m) ) = 0.98 N 

moving ZAf l\t ' ' 

water 

This force is constant, as the water constantly is hitting the pan. And we assume the water level 
is not riding. So the scale reading is the sum of these two terms. 



moving in pan 

water 


( b ) After 9.0 s, the reading is F cale = (0.98 + 1.372 (0.9s)) N= 13.3N 
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(c) In this case, the level of the water rises over time. The height of the water in the cylinder is the 
volume of water divided by the area of the cylinder. 


V 


h. = 


water 
in tube 


[(0.14t) kg] 


lm 3 

1.0xl0 3 kg 


= 0.070tm 


-e (20xl(T 4 m 2 ) 

The height that the water falls is now h' = (2.5 - 0.0700 ni. Following the same analysis as 
above, the speed of the water when it strikes the surface of the already- fallen water is now 
v = ~^2gh\ and so the force to stop the falling water is given by the following. 


F 


to stop 
moving 
water 


= (0. 14kg/s) (o - -^2 (9.80m/s 2 ) (2.5 - ,070t) m) = 0.6198^/(2.5 - ,0700 n 


The scale reading is again the sum of two terms. 

■ W = (0.6198^(2.5 -.0700 + 1-372^)n 


F . = F. . +i 

scale to stop 

moving 
water 


in cylinder 


0.62^2.5 -.0700 +l-4t)N 


At t = 9.0 s, the scale reading is as follows. 

F cale = (0.6198^/(2.5 -.070(9.0)) +1.372(9.0 ))n = 13.196N 


13.2N 


34. Let A represent the 0.060-kg tennis ball, and let B represent the 0.090-kg ball. The initial direction 
of the balls is the positive direction. We have v A = 4.50 m/s and v B = 3.00 m/s. Use Eq. 9-8 to 
obtain a relationship between the velocities. 

U- v b =-( v 1- v b) -» v; = 1.50 m/s + vl 
Substitute this relationship into the momentum conservation equation for the collision. 
m A v A + m B v B = m A v' A + m B v' B -> m A v A + m B v B = m A v A + m B (l .50 m/s + v A ) -» 

, m A v A + m B (v B - 1.50m/s) (0.060 kg)(4.50m/s) + (0.090 kg)(3.00m/s - 1.50m/s) 

m A + m B 0.150 kg 


2.7 m/s 


- 1.50m/s + v A - 4.2m/s 


Both balls move in the direction of the tennis ball’s initial motion. 

35. Let A represent the 0.450-kg puck, and let B represent the 0.900-kg puck. The initial direction of 
puck A is the positive direction. We have v A = 4.80 m/s and v B = 0. Use Eq. 9-8 to obtain a 
relationship between the velocities. 

v a- v b=-( v 'a~ v ' b ) -» U = U + U 

Substitute this relationship into the momentum conservation equation for the collision. 

m A v A + m B v B = m A v' A + m B v' B -> m A v A = m A v A + m B (v A + v' A ) -> 


i m A + m B ) 


-0.450 kg 
1.350 kg 


(4.80m/s) = -1.60m/s = 1.60 m/s (west) 


v B = v A + v' A = 4.80 m/s -1.60 m/s = 3.20 m/s (east) 
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36. (a) Momentum will be conserved in one dimension. Call the direction of the first ball the 

positive direction. Let A represent the first ball, and B represent the second ball. We have 
v B = 0 and v B = \ v A . Use Eq. 9-8 to obtain a relationship between the velocities. 

V A- V B=-{ V A- V b) V 1 = ~2 V A 

Substitute this relationship into the momentum conservation equation for the collision. 

P initial P final 


m v + m v = m v + m v 

A v A 1 "*B V B 1,1 A v A 1 


m V = — — 777 V + 777 —V 

A v A 2 A v A 1 " l B 2 V A 


m B = 3 m A = 3(0.280 kg) = 0.840 kg 


( b ) The fraction of the kinetic energy given to the second ball is as follows. 


K 

K, 


B V B _ ^(TW) 2 


\ m A V l 


m A v i 


0.75 


|37.| Let A represent the moving ball, and let B represent the ball initially at rest. The initial direction of 
the ball is the positive direction. We have v A = 7.5 m/s, v B = 0, and v A = -3.8m/s. 

(a) Use Eq. 9-8 to obtain a relationship between the velocities. 

W“ v b =-K-v') -> vl =v a -v b +v 1 = 7.5m/s-0-3.8m/s = |3.7m/s 

( b ) Use momentum conservation to solve for the mass of the target ball. 


m A v A + m B v B = m A v A + m B v B -> 

A -O , (Q.220 kgjEEE! 


-3.8m/s) 


( v b- v b) 


3.7 m/s 


0.67 kg 


38. Use the relationships developed in Example 9-8 for this scenario. 

f ... \ 


\ m A + m n J 


—> 


/ / V 


> 

1 

m A = 


U+vJ 



■ (-0.350) 1 


( -0.350) v A +v 


aJ 


1.350 
V 0.650/ 


2.08m 


39. The one-dimensional stationary target elastic collision is analyzed in Example 9-8. The fraction of 
kinetic energy lost is found as follows. 

f 2 ™a V 
777 , + 777 „ 


K a -K a 


K 


777 H 


B 

final 


K 


(a) 

(b) 

(c) 


A 

inital 


4 777 A 777 B 


A 

inital 


1 n 
\ m B V B 

\ m A V l 


V. 


m A V l 


4m A m B 

(m A + m B ) 2 


1.00 


K 

i 

4(1.01) (1.01) 

(?77 a + 777 b ) 2 (1.01 + 1.01) 2 

All the initial kinetic energy is lost by the neutron, as expected for the target mass equal to the 
incoming mass. 

4 777 A 777 B _ 4(1.01) (2.01) _ 

(?77 a + 777 b ) 2 (1.01 + 2.01) 2 

4 777 A 777 B _ 4(1.01) (12.00) 

(?77 a + 777 b ) 2 (1.01 + 12.00) 2 


0.890 


0.286 
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id) 


0.0192 


4m A m B _ 4(1.01)(208) 

(m A +m B ) 2 (1.01 + 208) 2 

Since the target is quite heavy, almost no kinetic energy is lost. The incoming particle “bounces 
off’ the heavy target, much as a rubber ball bounces off a wall with approximately no loss in 
speed. 


40. Both momentum and kinetic energy are conserved in this one-dimensional collision. We start with 
Eq. 9-3 (for a one-dimensional setting) and Eq. 9-8. 


m A v A + m B v B = m A v' A + m B v' B ; v A - v B = - (v A - v B ) 


V B= V A- V B +V A 


Insert the last result above back into the momentum conservation equation. 
m A v A + m B v B = m A v' A + m B (v A ~v B + v' A ) = (m A + m B ) < + m B (v A - v B ) 


m A V A + "V B - ( V A - V B ) = ( 777 A + 7 ”nK ( 7 


i) v a + 2 m B v B =(m A + m B )v' A -» 



m. 


■ m a 


V 777 A + m B J 


+ V c 


2m u 


\m A + m Bj 


Do a similar derivation by solving Eq. 9-8 for v A , which gives v A = v B - v A + v B . 


m A v A + m B v B = m A (v' - v A + v B ) + m B v' B = m A (-v A + v B ) + (m A + m B ) v' 


— > 


m A v A + m B v B 


■ m 


(- V A+ V b) = ( W A +777 b) V B 2m A V A+{ f 


)v B = (m A +m B )v' B -» 


2m. 


V m A + 777 b J 


+ v n 


V m A + m B J 


41. (a) At the maximum compression of the spring, the blocks will not be moving relative to each 

other, and so they both have the same forward speed. All of the interaction between the blocks 
is internal to the mass-spring system, and so momentum conservation can be used to find that 
common speed. Mechanical energy is also conserved, and so with that common speed, we can 
find the energy stored in the spring and then the compression of the spring. Let A represent the 
3.0 kg block, let B represent the 4.5 kg block, and letx represent the amount of compression of 
the spring. 

Vtl 

A„,„al = A fm a, ™A V A = A + ^ V A 

m A + 7M B 


^initial = £fmal 7»Vl = l(" 7 A + m B ) v'" + ~f 


1 m A m B y2 
' k m A + m B A 


A 1 ^ (3.0kg) (4.5kg) 


v 850 N/m j 


(7.5kg) 


(8.0 m/s) 2 = 


0.37 m 


(. b ) This is a stationary target elastic collision in one dimension, and so the results of Example 9- 
may be used. 


ym A +m B j 

r lm A ^ 

y m A +m B j 


= (8.0m/s) 


= (8.0m/s) 


^ -1.5 kg ^ 
7.5 kg 


-1.6m/s 


6.0 kg 
7.5 kg 


6.4 m/s 
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( c ) Yes , the collision is elastic. All forces involved in the collision are conservative forces. 

ffi -\- M I 

42. From the analysis in Example 9-11, the initial projectile speed is given by v = sJ2gh. 

m 

Compare the two speeds with the same masses. 
m + M 


m 




”< A V'l 

m 


-.£-.£ 4-45 - 


2.6 


= v/2Vj 


43 .| (a) In Example 9-11, K. - \mv 2 and K f = y(m + M)v' 2 . The speeds are related by 


, m 

v = v . 

m+M 


A K K f - K. 1(777 + M)v' 2 - \ mv 1 


(777 + M) 


777 


777 + M 


v - mv 


K 


K 


1 2 

2 mv 


mv 


2 2 

777 v , 

777 V” 


777 + M 


mv 


777 

777 + M 


■1 = 


-M 


777 + M 


( b ) For the given values, 


-M -380 g 


777 + M 396 g 


0.96 1 . Thus 96% of the energy is lost. 


44. From the analysis in the Example 9- 1 1 , we know that 
777 + M 


v = ■ 


h = 


777 




— » 


1 I 

( mv ^ 

2 

1 

f (0.028 kg)(210m/sU 

2g' 

fm + Mj 

~2| 

(9.80m/s 2 ) 

v 0.028 kg + 3.6kg y 


= 0.134m ; 


1.3xl0~‘m 


From the diagram we see the following. 

/’ = (/- hy + x 2 

*\e 2 -{£- hf = V(2.8m) 2 - (2.8m - 0. 134m) 2 


x = • 


0.86m 



45. Use conservation of momentum in one dimension, since the particles will separate and travel in 
opposite directions. Call the direction of the heavier particle’s motion the positive direction. Let A 
represent the heavier particle, and B represent the lighter particle. We have m A = l.5m B , and 


v a = v b = °- 


initial P final 


0 = m A v' A + m n v n v' A 


m , 


2 ' 
■i v B 


The negative sign indicates direction. Since there was no mechanical energy before the explosion, 
the kinetic energy of the particles after the explosion must equal the energy added. 
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^added =K A +K B=l m A V A + 1 = J ( 1 ■ 5 »» b) (f V B )’ + 1' = f (f ) = f ^ 

K = dded = |(7500 J) = 4500 J K' a = £ dded - < = 7500 J - 4500 J = 3000 J 


Thus 


K' a = 3.0x10 3 J ^;=4.5x10 3 J 


46. Use conservation of momentum in one dimension. Call the direction of the sports car’s velocity the 
positive x direction. Let A represent the sports car, and B represent the SUV. We have v B = 0 and 

v' A =v' B . Solve for v A . 


= P f, 


— > 


+ 0 = ( 


m K + W bK 


— > 


m A + m B 


The kinetic energy that the cars have immediately after the collision is lost due to negative work 
done by friction. The work done by friction can also be calculated using the definition of work. We 
assume the cars are on a level surface, so that the normal force is equal to the weight. The distance 
the cars slide forward is Ax. Equate the two expressions for the work done by friction, solve for v' A , 


and use that to find v A . 


collision 


0 -j( m A+ m B ) V A 


W fi = F fr Ax cos 1 80° = -fi k (m A + m B ) gAx 
- j(m A + m B ) v A = -fU k (m A + m B ) gAx -» v A = yj 2{i k gAx 


m A +m B , 

v a = W = 

m , 


m , +m D 


m , 


yj 2 /i k gAx = 


920 kg + 2300 kg 
920 kg 


^2 (0.80) (9.8 m/s 2 ) (2.8 m) 


= 23.191m/s= 23 m/s 


47. The impulse on the ball is its change in momentum. Call upwards the positive direction, so that the 
final velocity is positive, and the initial velocity is negative. The speeds immediately before and 
immediately after the collision can be found from conservation of energy. Take the floor to be the 
zero level for gravitational potential energy. 

Falling: ^ bottom = U top -» \mv] own = mgh iom -» v down = -^2 gh iown 

Rising: K, „ -U, — > \mv 2 -mgh — » v - J2gh 

J = A P = mAv = m ( V up - V down ) = m ~ “y/^down ) = m \^S ( 

= (0. 012kg) A y2(9.80m/s 2 ) (^/0.75m + yj\ .5 m ) = 0.1 lkg*m/s 
The direction of the impulse is upwards, so the complete specification of the impulse is 
0. 1 1 kg»m/s , upwards . 


48. 


K — K 

Fraction K lost = • imtial fmal 


K 


~ t”»b v b 

1 2 
tW a V a 


(35m/s)" - (25 m/s)" 
(35m/s) 2 


0.49 
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49.| ( a ) For a perfectly elastic collision, Eq. 9- 
coefficient of restitution definition. 


says v A 


= -M 


■ V B ) . Substitute that into the 


e = ■ 




For a completely inelastic collision, v' A = v' B . Substitute that into the coefficient of restitution 
definition. 

/ / 
v — v 

^ = 0 


( 6 ) 


e = — 

V B~ V A 

Let A represent the falling object and B represent the heavy steel plate. The speeds of the steel 
plate are v B = 0 and v' B - 0. Thus e - - v' A /v A . Consider energy conservation during the 

falling or rising path. The potential energy of body A at height h is transformed into kinetic 
energy just before it collides with the plate. Choose down to be the positive direction. 

mgh =\mv 2 K — > v A = yjlgh 

The kinetic energy of body A immediately after the collision is transformed into potential 
energy as it rises. Also, since it is moving upwards, it has a negative velocity. 

7 mgti = \mv'l — > v A = -y]2gh' 

Substitute the expressions for the velocities into the definition of the coefficient of restitution. 

-yJZgh' 


■ = -v>.=- 




— » 


e = yjh'/h 


50. The swinging motion will conserve mechanical energy. Take the zero level for gravitational 

potential energy to be at the bottom of the arc. For the pendulum to swing exactly to the top of the 
arc, the potential energy at the top of the arc must be equal to the kinetic energy at the bottom. 

K battom =U top -> \(m + M ) V b l ttom =(m + M)g (2L) -> F bottom = 2^L 

Momentum will be conserved in the totally inelastic collision at the bottom of the arc. We assume 
that the pendulum does not move during the collision process. 

m + M 
m 


P initial Pfi 


— > 


777 V — (777 + M)F bc 


— > V = 


777 + M I 

2 yjgL 

777 


51. (a) The collision is assumed to happen fast enough that the bullet-block system does not move 

during the collision. So the totally inelastic collision is described by momentum conservation. 
The conservation of energy (including the non-conservative work done by friction) can be used 
to relate the initial kinetic energy of the bullet-block system to the spring compression and the 
dissipated energy. Let m represent the mass of the bullet, M represent the mass of the block, 
and x represent the distance the combination moves after the collision 

.... / \ / 777 + M , 

collision: mv = ym + M)v — > v = v 

777 

\~~kx 1 

after collision: j ( 777 + M ) v' 2 - \ kx 2 + ft{m + M) gx —> v = . — 1- 2 jUgx 

V m + M 


m + M I kx 


v = ■ 


m 


1 77 ? + M 


+ 2 jUgx 
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1.000 kg / ( 1 2 0 N / m ) ( 0 . 0 5 0 m ) +2 | 05Q )| 9 80m ^\| 0050m ) = 888.8m/s 
1.0x10 kg ^ 1.000kg \ ) t 


890 m/s 


K — K 

( b ) The fraction of kinetic energy dissipated in the collision is — — — , where the kinetic 

^initial 

energies are calculated immediately before and after the collision. 


K ... , - K r , 

initial final 

K 


al \mv~ --^(m + M)v'~ (m + M)v' 2 [m +M) 1 


1 2 
f mv 


mv 


m 


m + M , 

v 

V m 


= 1- 


m 


m + M 


■ = 1 - 


0.0010 kg 
1.00 kg 


0.999 


52. (a) Momentum is conserved in the one-dimensional collision. Let A represent the baseball and let 
B represent the brick. 


m A v A = m A v A + m B v B -» 


, _ m A v A - m B v B _ (0.144kg)(28.0m/s)-(5.25kg)(l.l0m/s) 


m , 


0.144 kg 


= -12.10m/s 


So the baseball’s speed in the reverse direction is 12.1 m/s 

(b) ^before = K = H 0 ’ 144 k §) ( 28 ‘ 0 m / S ) 2 = 


56.4 J 


^after + i OT A V B = l ( 0 - 144 k g )( 1 - 21m / S ) 2 + T ( 5 - 25 k g )( 1 - 10m / S ) 2 = 


13.7 J 


53. In each case, use momentum conservation. Let A represent the 6.0-kg object and let B represent the 
10.0-kg object. We have v A = 5.5 m/s and v B = -4.0 m/s. . 

(a) In this totally inelastic case, v' A = v B . 


"A B' 

m A v A +m B v B = {m A +m B )v' A -» 


, _ 777 A v A + 777 b v b _ (6.0 kg) (5.5 m/s) + (8.0 kg) (-4.0 m/s) 


777 a + 777 b 


14.0 kg 

( b ) In this case, use Eq. 9-8 to find a relationship between the velocities. 

v a- v b=-( v 'a- v 'b) v b = v a- v b + v 1 

777 A V A + 777 b V b = 777 a v/ + 772^ = 772 a v/ + 772 B (v A + V fi + ) -> 

, _ (?72 a - 777 b )v a + 2777 b v b _ (-2.0 kg) (5.5 m/s) + 2 (8.0 kg) (-4.0 m/s) 


7.1 x 10^ 2 m/s 


772 a + 772 B 


14.0 kg 


-5.4 m/s 


v B = v A - v B + v' A = 5.5 m/s - (-4.0 m/s) - 5.4m/s = 4.1m/s 
(c) In this case, v A = 0. 


777 A V A + 777 b V b = 77? B V B 


, _ 777 A v A + 777 b v b _ (6.0kg) (5.5 m/s) + (8.0 kg) (-4.0 m/s) 


m D 


•0 kg 


0.1 3 m/s 
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To check for “reasonableness,” first note the final directions of motion. A has stopped, and B 
has gone in the opposite direction. This is reasonable. Secondly, since both objects are moving 
slower than their original speeds, there has been a loss of kinetic ene rgy. Since the system has 


lost kinetic energy and the directions are possible, this interaction is [“reasonable.’) 
{d) In this case, v' B = 0. 


m A v A + m B v B = m A v A 


m A v A +m B v B _ (6.0kg)(5.5m/s) + (8.0kg)(-4.0m/s) 


m . 


6.0 kg 


0.1 7 m/s 


This answer is pot reasonable) because A is still moving in its original direction while B has 
stopped. Thus A has somehow passed through B. If B has stopped, A should have rebounded 
in the negative direction. 

( e ) In this case, v' A = -4.0 m/s. 


m A v A +m B v B =m A v A +m B v B 


— > 


3.1 m/s 


, (6.0 kg) (5.5 m/s — 4.0 m/s) + (8.0 kg) (-4.0 m/s) 

8.0 kg 

The directions are reasonable, in that each object rebounds. Secondly, since both objects are 
moving slower than their original speeds, there has been a loss of kinetic energ y. Since the 


system has lost kinetic energy and the directions are possible, this interaction is [“reasonable.’) 


54. (a) p x : m A v A = m A v' A cos 0’ A + m B v' B cos d' B 

P 


0 = m A v' A sin d' A - m B v' B sin0' 


y D D D 

(h) Solve the x equation for cos 0 B and the y equation for sin 0 B , and then 

find the angle from the tangent function. 

/ . „/ 


m A v A sin 


. sin 6' 

tan 0 B — — 

COS#, 


v a sin d' A 


<) ( v a- v a cos 0 'a) 



Q' = tan 


v , sin O'. 

A A 


= tan 


(2.10m/s)sin30.0° 


v 4 - v A cos^j 2.80m/s - (2.10m/s)cos30.0 

With the value of the angle, solve they equation for the velocity. 

, sin#( (0. 120kg) (2.10m/s)sin30.0' 


m B sin d B 


(0.140kg) sin 46.9° 


1.23m/s 


46.9 C 


|55.| Use this diagram for the momenta after the decay. Since there was no 

momentum before the decay, the three momenta shown must add to 0 in both 
the x and y directions. 

^,P nucleus ) . P neutrino ( P nucleus ) v P electron 

P nucleus = ^nucleus )( + ( ^nucleus )) = ^neutnno ) ' + ( ^electron ) ' 


9 nucleus 


| P electron 


(6.2x 10 23 kg*m/s) + (9.6x10 23 kg*m/s) = 1.14x10 22 kg*m/s 
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6 = tan -1 ^ nucleus ^’ = tan' 1 ^ electron ^ = tan -1 ( 9 ' 6xlQ kg ' m / s ) = 57° 


( P nucleus ) , 


( P neutrino ) (6.2x10 * kg-lTt/s) 


The second nucleus’ momentum is 147° from the electron’s momentum , and is 123° from the 


neutrino’s momentum 


56. Write momentum conservation in the x and y directions, and kinetic energy conservation. Note that 
both masses are the same. We allow v A to have both x and y components. 


p, ■ 

mv B = mv^ 

Py 1 

mv A = mv' Ay 

K : 

/ mv A + j mv ] 


V A = V A, + V B 


2 _ i_. 
B 2 1 


/2 

U 


/2 

^B 


2,2 /2 , /2 

V A + V B = V A + V B 


Substitute the results from the momentum equations into the kinetic energy equation. 

K, + V B ) + ( V Av ) = V A + V B V A, + 2 V A, V b + V B + % = V A + V B 

V A + 2v a/ B +V B =V A +V B 2V A, V B =0 V A, =°OrV B =0 

Since we are given that v B ^ 0, we must have v A = 0. This means that the final direction of A is 


the [v direction! . Put this result into the momentum equations to find the final speeds. 


3.7 m/s 


2.0 m/s 


57. (a) Let A represent the incoming nucleus, and B represent the target 
particle. Take the x direction to be in the direction of the initial 
velocity of mass A (to the right in the diagram), and the y direction to be 
up in the diagram. Momentum is conserved in two dimensions, and 
gives the following relationships. 

p x : m A v A - m B v' B cos Q — » v = 2VgCOs6 ) 

0 = m . v, - m,y„ sin 6 — > v' = 2v' sin 6 





Py • ' J -"'A V A "‘B^B ' v A 

The collision is elastic, and so kinetic energy is also conserved. 


t/- i 2 i ^2.i ^2 

K ■ \ , V A V A = 2 1 V A V A + \ , V B V B 


2 n . A /2 

V = V A + 2V B 


ri A ri 

' v a =2v b 


Square the two momentum equations and add them together. 

v = 2v' cos 6 ; v' A = 2v' sin 6 
Add these two results together and use them in the x momentum expression to find the angle. 

, v 


2 a ^2 2/o ^2 a ^2 • 2 /o 

v = 4 v b cos 0 ;v A = 4v B sm # 


2 , /2 ^ '2 
v + v = 4v 

y 1 K A 


2 /2 A n 2-/2 /I '2 

v - V A = 2v B ; V + v A = 4v b 


2v 2 = 6 v b 


V “ = >£ 


cos 6 = 


2vl 




v/3 

2 


6 = 30 c 


(6) From above, we already have 


Vb= v^ 


. Use that in the y momentum equation. 


v A = 2vg sin# = 2— j= sin 30° = 
v/3 


v 


(c) The fraction transferred is the final energy of the target particle divided by the original kinetic 
energy. 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

281 












Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


K. 


target 


_ d m B V 's _ i( 2 ffl A)( V V 3 ) _ 


K 


original 


s m A v i 





58. Let n represent the incoming neutron, and let He represent the helium 
nucleus. We take =4 m . Take the x direction to be the direction of 

He n 

the initial velocity of the neutron (to the right in the diagram), and the y 
direction to be up in the diagram. Momentum is conserved in two 
dimensions, and gives the following relationships. 
p : m v = m V cos 6' + m u v' cosO' — > 

x n n n n n He He He 

v n - 4v Hc COS 0' He = v' a cos6>; 

p : 0 = m v sin O' - m u v' sin#' — » 4v' sin O' = v sin 0' 

-t y n n n He He He He He n n 

The collision is elastic, and so kinetic energy is also conserved. 

v i 2 l ,2 , l /2 . 2 /2 , n r. 

K . fm v =-fmv — > v =v +4v„ — > v 

2nn2nn2HeHe n n He n 

This is a set of three equations in the three unknowns v', v' He , and 0[. We can eliminate 0[ by 

squaring and adding the momentum equations. That can be combined with the kinetic energy 
equation to solve for one of the unknown speeds. 

( v „- 4 4 cos0 He) 2 =(l> s 0„') 2 i (4v; e sin^ e ) 2 =(v'sin^) 2 -» 

v 2 - v' cost?' + I6v' 2 cos 2 O' + 16v' 2 sin 2 O' = v /2 cos 2 O' + v 2 sin 2 O' — > 

n n He He He He He He n n n n 

K ~ 8v n v^ c cos 0' Ht + 1 6v„ 2 = v' 2 = v 2 - 4v'l -> 

v' Hc = 0.4 v n cost?' le = 0.4(6.2xl0 5 m/s j cos 45° = 1.754x10 s m/s 

> v' n = sjv 2 n -4v„ c = sj(6.2 xlO 5 m/s) 2 - 4^1. 754x10" m/s) = 5.112x10" m/s 


2 A /2 
■ v — 4 v h 

n He 


/2 2 A '2 
v = v - 4v„ 

n n He 


f 


4v He sin 0]\ c = v' sin^ 


O' = sin 


4 “T" s in ^He 

V v „ J 




= sin 


(1.754x10 m/s) 

4 / -—4 sin 45 c 

(5.112x10 m/s) 


= 76° 


To summarize: 


v' a = 5.1x10" m/s , v' He = 1.8x10" m/s 


O' = 76° 


59. Let A represent the incoming neon atom, and B represent the target 
atom. A momentum diagram of the collision looks like the first figure. 
The figure can be re-drawn as a triangle, the second figure, since 
ni a v A = m A \' A + m B Vg. Write the law of sines for this triangle, relating 
each final momentum magnitude to the initial momentum magnitude. 
m v sin <p , sin0 


sum 
sin 0 
sum 


V A= V A 


V B =V A 


smcr 
m A sin^ 


m B sina 


The collision is elastic, so write the kinetic energy conservation equation, 
and substitute the results from above. Also note that a = 180.0 - 55.6 



i 2 i /2 , i /2 

f m A V A = 7 m A V A +l m B V B 


2 1 

( sin d) / 

2 / 

m A V A = m A \ 

v A . 

+ m B 


v sm a j 

V 


50.0° = 74.4°. 

V 

— > 


m A sin^ 


m B smct j 
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m A sin 2 6 
sin 2 or - sin 2 


(20.0 u)sin 2 55.6° 

1 sin 2 74.4 - sin 2 50.0° 


39.9 u 


60. Use the coordinate system indicated in the diagram. We start 
with the conditions for momentum and kinetic energy 
conservation. 


K. 


m A v A = m A v' A cos tf A + m B v' B cos d' B 

m A v A ~ ™a v 'a cos 6 ’a = m B v ' B cos K 
0 = m A v A sin d' A - m B v B sin 0' B -> 

m A v A sin = m B v B sin 

l m A V l=l m A V A+i m B V B 777 


Before 



After 
— / 

V A 


o 

m a 



«-<) 




2 n 

' 777 B V B 


Note that from the kinetic energy relationship, since the right side of the equation is positive, we 
must have v A > v' A > 0. 

Now we may eliminate d' B by squaring the two momentum relationships and adding them. 

( m A V A - ™A V 'a C0S d A ) 2 + ( W7 A V 1 Sil1 K Y = ( m B V B COS0 bY + ( m B V B Sil1 6 B ) ' 

( W7 a v a) 2 - ( 2 " 7 Aa v 1 COS^) + ( 777 a v 1) 2 = ( 777 b v b) 2 


Combining the previous result with the conservation of energy result gives the following. 

: ( 777 b v b) 2 = 777 a 777 b(w- v a) -» 

; still with v > V > 0 


a 

> 

< 

> 

i 

(2m 2 A 

vl 

cos 

A 

) + {m A v 

- 

v 

> 



( \ 

cos6f =\ 

l- 


V A 

+ 

, m B 

1 + — 5- 


A 

m A J 

V 1 


l m A) 

Consider m A < m B . 

ifv; 

= v A , its 

■ 

Y 

\ 



( \ 

cos6f 

l- 

m B 

1— 

+ 

i + Z!!b_ 


A 

m A ) 

V 1 


v m Aj 


= 1 


d' A = 0. As v' A decreases towards 0, eventually 


/ . , v 

the first term in the expression for cos 0 A will dominate, since it has as a factor. That term 
will also be negative because m A < m B . The expression for cos Q\ will eventually become 

/ . V 

negative and approach in a continuous fashion. Thus cos 0 A will for some value of — 

have the value of-1, indicating that there is some allowable value of v' A that causes 0' A = 180°, 

and so all scattering angles are possible. 

/ 

A plot of — vs. & A is helpful in seeing 

V A 

this. Here is such a plot for m A = 0.5 m B . 

Note that it indicates that the speed of the 
incident particle will range from a 
minimum of about 0.35v A for a complete 
backscatter (a one-dimensional collision) 
to 1.00v A , which essentially means a 
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“miss” - no collision. We also see that the graph is monotonically decreasing, which means 
that there are no analytical extrema to consider in the analysis. 

( b ) Now consider m A > m B . If v' A = v A , its maximum value, then again we will have 


cos6f =j 



= 1 — > 0' A =0. As v' A decreases towards 0, eventually 


/ . . . . V 

the first term in the expression for cos 0 A will dominate, since it has -y as a factor. But both 

terms in the expression are positive, since m A > m B . So the expression for cos#' will 

eventually approach +°° in a continuous fashion, and will never be negative. Thus there will 
not be any scattering angles bigger than 90° in any case. But is there a maximum angle, 
corresponding to a minimum value of cos #' ? We look for such a point by calculating the 

. ■ ■ d 

derivative cos 0, . 

.7. / A 



Using this critical value gives the following value for cos O t , which we label as cos (p. 




This gives the largest possible scattering 
angle for the given mass ratio. Again, a 
plot is instructive. Here is such a plot 
for m , = 2m n . We find the maximum 

scattering angle according to the 
equation above. 




The equation and the graph agree. The spreadsheet used for this problem can be found on the 
Media Manager, with filename “PSE4_1SM_CH09.XLS,” on tab “Problem 9.60b.” 
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61 


To do this problem with only algebraic manipulations is complicated. We use 
a geometric approach instead. See the diagram of the geometry. 

Momentum conservation: mv A = mv A + m\' B — > v A = + v). 

Kinetic energy conservation: \mv\ = \mv'^ +\mv£ — » = v'l + Vg 

The momentum equation can be illustrated as a vector summation diagram, 
and the kinetic energy equation relates the magnitudes of the vectors in that 
summation diagram. Examination of the energy equation shows that it is 
identical to the Pythagorean theorem. The only way that the Pythagorean 
theorem can hold true is if the angle a in the diagram is a right angle. If a is 
a right angle, then 9 + </)= 90°, and so the angle between the final velocity 


vectors must be 90°. 




62. Find the CM relative to the front of the car. 


m x + m e ,x t ,+m. ,x. , 

car car front front back back 


m +m r , + m. , 

car front back 


(1250 kg)(2.50 m) + 2(70.0 kg)(2.80 m) + 3(70.0 kg)(3.90 m) 
1250 kg + 2 (70.0 kg) + 3 (70.0 kg) 


2.71 m 


63. Choose the carbon atom as the origin of coordinates. 

_ m c x c +m 0 x 0 _ (12 u)(0) + (l6 u)(l.l3xl0~ 10 m) 

X CM ~ ~ , „ , , 

m c + m 0 12u + 16u 


6.5xl0~ u m 


from the C atom. 


64. By the symmetry of the problem, since the centers of the cubes are along a straight line, the vertical 
CM coordinate will be 0, and the depth CM coordinate will be 0. The only CM coordinate to 
calculate is the one along the straight line joining the centers. The mass of each cube will be the 

volume times the density, and so m 1 = /?(/ 0 ) 3 , m 2 = p(K) 3 , m , = p (3/ 0 ) . Measuring from the 

left edge of the smallest block, the locations of the CMs of the individual cubes are x 1 = }/ 0 , 

x 2 = 2/ 0 , x 3 = 4.5/ 0 . Use Eq. 9-10 to calculate the CM of the system. 


*CM 


m { x i + m 2 x 2 + m 3 x 3 = p£\ (j / 0 ) + (2/ 0 ) + 27/?/,) (4.5/ 0 ) 

777 1 + 777 , + 777 3 p£\ + 8/9/,) + 27/9/,) 


3.8 /„ from the left edge of the smallest cube 


65. 


Consider this diagram of the cars on the raft. Notice that the origin of 
coordinates is located at the CM of the raft. Reference all distances to that 
location. 


X CM 


y cm 


(1350 kg) (9 m) + (1350 kg) (9 m) + (1350 kg) (-9 m) _ 
3(1350 kg) + 6200 kg 

(1350 kg) (9 m) + (1350 kg) (-9 m) + (1350 kg)(-9 m) 
3(1350 kg) + 6200 kg 


1.2 m 


-1.2m 




— fli 



B 

— -5 

S 
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66. Consider the following. We start with a full circle of radius 2 R, with its CM at the 
origin. Then we draw a circle of radius R, with its CM at the coordinates (0.80R, 0) . 

The full circle can now be labeled as a “gray” part and a “white” part. The y 
coordinate of the CM of the entire circle, the CM of the gray part, and the CM of the 
white part are all at y = 0 by the symmetry of the system. The x coordinate of the 

entire circle is at * CM = 0, and can be calculated by x CM = — ^ gray ~' vhlte . Rearrange this 



777 . 


equation to solve for the CM of the “gray” part. 


^gray^gray W white* white 


777 . 


— > 


X = ■ 

gray 


777 


This is functionally the same as treating the white part of the figure as a hole of negative mass. The 
mass of each part can be found by multiplying the area of the part times the uniform density of the 
plate. 

-pnR 2 (0.80R) -0.80R 


x — ■ 

gray 


pn(2R) 2 - pnR 2 3 


-0.27 R 


The negative sign indicates that the CM of the “gray” part is to the left of the center of the circle of 
radius 2 R. 


|67.| From the symmetry of the wire, we know that x CM = 0. 
Consider an infinitesimal piece of the wire, with mass dm, 
and coordinates (x,y) = ( 7 - cos 6, 7’ sin 0 ) . If the length of 
that piece of wire is d£, then since the wire is uniform, 

M 

we have dm = — d £. And from the diagram and the 
nr 

definition of radian angle measure, we have d£ = rdd. 

M M 

Thus dm = — rdd = — dd. Now apply Eq. 9-13. 
nr n 


Tcm 


l f If M re 

= — y dm = — 7-sin 6 — dO = — sin Odd = 
M J ' M { n n „ 



2 r 
n 


Thus the coordinates of the center of mass are (x CM , y CM ) = 


( 2 r\ 

o,— 

V 71 ) 


68 . 


From the symmetry of the hydrogen equilateral triangle, and the fact that the nitrogen atom is above 
the center of that triangle, the center of mass will be perpendicular to the plane of the hydrogen 
atoms, on a line from the center of the hydrogen triangle to the nitrogen atom. We find the height of 
the center of mass above the triangle from the heights of the individual atoms. The masses can be 
expressed in any consistent units, and so atomic mass units from the periodic table will be used. 


3777 h z h + m N z N 


m, 


3(l.008u) (0) + (14.007 u) (0.037 nm) 
3(l.008u) + (l4.007u) 


= 0.030 nm 


And so the center of mass is 0.030 nm above the center of the hydrogen triangle. 
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69. Let the tip of the cone be at the origin, and the symmetry axis of 
the cone be vertical. From the symmetry of the cone, we know 
that x CM = y CM = 0, and so the center of mass lies on the z axis. 

1 r 

We have from Eq. 9-13 that z CM = — zdm. The mass can be 

M J 

. I zdm 

expressed as M = dm, and so z CM = ^ . Since the object 

J I dm 

is uniform, we can express the mass as the uniform density 
p times the volume, for any part of the cone. That results in the 
following. 

| zdm jzpdV 

Z(M ~ j dm \pdV 

From the diagram, a disk of radius r and thickness dz has a volume of dV = nr 2 dz. Finally, the 
geometry of the cone is such that rjz = R/h, and so r = zR/h . Combine these relationships and 
integrate over the z dimension to find the center of mass. 



n 

jzpdV p^znr 2 dz pn^z^zR/h)" dz pniRfhdy jz 3 dz J zc ^ z 
JpdV pj nr 2 dz p7ij (zR/hy dz pn^R/h)' ^z 2 dz 


/? 4 /4 


=±h 

4 11 


Thus the center of mass is at 


(oi + oj + f/zk) 


70. Let the peak of the pyramid be directly above the origin, 
and the base edges of the pyramid be parallel to the x and 
y axes. From the symmetry of the pyramid, we know 
that x cu = y CM = 0, and so the center of mass lies on the 

1 r 

z axis. We have from Eq. 9-13 that z CM = — zdm. 

M J 

The mass can be expressed as M = J dm, and so 
| z dm 


| dm 


-. Since the object is uniform, we can 



express the mass as the uniform density p times the volume, for any part of the pyramid. That 
results in the following. 

| zdm jzpdV 

ZcU J dm jpdV 

From the diagram, for the differential volume we use a square disk of side / and thickness dz, 

which has a volume of dV = £ 2 dz. The geometry of the pyramid is such that / = -(/;- z). That 

h 

can be checked from the fact that / is a linear function of z, £ = s for z = 0, and / = 0 for z = h. 
We can relate s to h by expressing the length of an edge in terms of the coordinates of the endpoints 
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of an edge. One endpoint of each edge is at (x = ±s/2, y = ±s/ 2, z = 0), and the other endpoint of 
each edge is at (x = 0, v - 0, z = h) . Using the Pythagorean theorem and knowing the edge length is 
s gives the following relationship. 

s 2 = (s/2)~ + (s/2)~ + h 2 — > h = s/\f2 

We combine these relationships and integrate over the z dimension to find the center of mass. 

h ~ 

| z dm jzpdV pjz/ 2 dz ^| Z 


O-z) 


n 

dz Jz[(/i-z)] dz 


| dm j pdV / 2 dz 


P 


O-z) 


dz 


| \{h - z)] dz 


h 

J(« 2 z-2te ! +z’)</z + 

|(ft 3 -26z + z ! )</z (*'z-fe 2 +iz J ) 


0_ = ±/, = i— = 

4 4 0 40 


Thus the center of mass is at 


Oi + Oj + 


40 


71 . Let the radius of the semicircular plate be R, with the center at the origin. 
From the symmetry of the semicircle, we know that x CM = 0, and so 
the center of mass lies on they axis. We have from Eq. 9-13 that 

— Jy dm. The mass can be expressed as M = | dm, and 


M • 

_[ydm ^ 
| dm 



Tcm 


so >’cm - n 5 • Since the object is uniform, we can express the mass as a uniform density a 


Tom 


times the area, for any part of the semicircle. That results in the following. 

| y dm jycrdA 

j dm jtJdA 

From the diagram, for the differential area we use a semicircular strip of width dr and length nr, 
which has a differential area of d/i = nrdr. And from problem 67, the y coordinate of the center of 
2 r 

mass of that strip is — . (Note the discussion immediately before Example 9-17 which mentions 
n 

using the center of mass of individual objects to find the center of mass of an extended object.) We 
combine these relationships and integrate over the z dimension to find the center of mass. 


Tom 


f f 2 

f r a\ — nrdr 2 \r~dr 

_]ydm jyadA _ J n J 

[dm [ <7 dA r r 

ii a I nrdr n\ rdr 


1^1 

\nR 2 


4 R 
3 n 


Thus the center of mass is at 


( - 4 RA 

Oi + — j 

l 3 ^ J 
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72. From Eq. 9-15, we see that v,... = — V 

CM M ^ 


m \ . . 


(35kg) (l2i - 16j)m/s + (25kg) (-20i + 14j)m/s 
(35kg + 25 kg) 

[(35) (12) - (25) (20)]ikg.m/s + [(35) (-12) + (25) (24)] jkg-m/s 


(60 kg) 


-80ikg*m/s - 210jkg*m/s 
(60 kg) 


-1.3im/s-3.5jm/s 


73 


(a) 


(b) 


Find the CM relative to the center of the Earth. 

_ m E x E +m M x M _ (5.98xl0 24 kg)(0) + (7.35xl0 22 kg)(3.84xl0 8 m) 
CM ~ m E + m M ~ 5.98 xl0 24 kg + 7.35 xlO 22 kg 


4.66 x 10 6 m from the center of the Earth 


This is actually inside the volume of the Earth, since R E = 6.38 x 10 6 m. 

It is this Earth-Moon CM location that actually traces out the orbit as discussed in an earlier 
chapter. The Earth and Moon will orbit about this orbit path in ( approximately) circular orbits. 
The motion of the Moon, for example, around the Sun would then be a sum of two motions: i) 
the motion of the Moon about the Earth-Moon CM; and ii) the motion of the Earth-Moon CM 
about the Sun. To an external observer, the Moon’s motion would appear to be a small radius, 
higher frequency circular motion (motion about the Earth-Moon CM) combined with a large 
radius, lower frequency circular motion (motion about the Sun). The Earth’s motion would be 
similar, but since the center of mass of that Earth- Moon motion is inside the Earth, the Earth 
would be observed to “wobble” about that CM. 


74. 


The point that will follow a parabolic trajectory is the center of mass of the mallet. Find the CM 
relative to the bottom of the mallet. Each part of the hammer (handle and head) can be treated as a 
point mass located at the CM of the respective piece. So the CM of the handle is 12.0 cm from the 
bottom of the handle, and the CM of the head is 28.0 cm from the bottom of the handle. 


^handle^handle ^ hc;ul Ticad 
m handle W head 


(0.500 kg) (12.0 cm) + (2.80 kg) (28.0 cm) 
3.30 kg 


25.6cm 


Note that this is inside the head of the mallet. The mallet will rotate about this point as it flies 
through the air, giving it a wobbling kind of motion. 


75. (a) Measure all distances from the original position of the woman. 

x = VwIVm _ ( 55k g)(°) + ( 72k g)( 1Q - Qm ) _ 5 669m 
m w +m u 127 kg 


(b) 


5.7 m from the woman 


Since there is no force external to the man-woman system, the CM will not move, relative to 
the original position of the woman. The woman’s distance will no longer be 0, and the man’s 
distance has changed to 7.5 m. 


_ w w x w + m M x u _ (55 kg)x w + (72 kg) (7.5 m) _ $ ^ m 
m w +m u 127 kg 
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(5.669 m) (127 kg) - (72 kg) (7.5 m) 
55 kg 


= 3.272 m 


x M ~ x w = 7-5 m- 3.272 m - 4.228m = [4 2 m 


(c) When the man collides with the woman, he will be at the original location of the center of mass. 


= 5.669m-10.0 m = -4.331 m 


final initial 


He has moved 4,3 m from his original position. 


76. (a) As in Example 9-18, the CM of the system follows the parabolic trajectory. Part 1 will again 

fall vertically, the CM will “land” a distance d from part 1 (as in Fig. 9-32), and part 11 will land 
a distance x to the right of the CM. We measure horizontal distances from the point underneath 
the explosion. 


m i x i + m n x n 

m l + m u 


x u = 


x cu + m n ) ~ ffhh _ d ( m i + 3 »h ) ~ Wi (0) 
m „ 3w j 


= f d 


Therefore part 11 lands a total distance jd from the starting point. 


( b ) Use a similar analysis for this case, but with m l = 3m n . 


m i x i + ¥u 
777 ( + 777 u 


X„ = 


*cm (™i + m n ) ~ m i x i _ d ( 3m n + m n ) ~ 3m u (°) 


= 4 d 


777 „ 


777 „ 


Therefore part 11 lands a total distance 5 d_ from the starting point. 

155 kg 78 kg 


77. Calculate the CM relative to the 55-kg person’s seat, at one end of 
the boat. See the first diagram. Be sure to include the boat’s mass. 


2) 


( 2 ) 


85 kg 


( 2 ) 


m A x A + 777 b x b + m c x c 
777 A + 777 B + 777 c 


! 75 kg 80 kg 60 k g 

' d K) 


( 2 ) 


0 


(55 kg) (0) + (78 kg) (1.5 m) + (85kg)(3.0m) t ^ i 
218kg 

Now, when the passengers exchange positions, the boat will move some distance “d” as shown, but 
the CM will not move. We measure the location of the CM from the same place as before, but now 
the boat has moved relative to that origin. 


m A X A + m B X B + m C X C 
777 A + 777 B + 777 c 


1.706 m = 


(85 kg)(^) + (78 kg)(l.5 m + 7/) + (55 kg)(3.0 m + i/) 2\M kg*m + 282 kg*m 


218 kg 


218 kg 


d = 0.412 m 
Thus the boat will move 


0.41 m towards the initial position of the 85 kg person 


78. Because the interaction between the worker and the flatcar is internal to the worker-flatcar system, 
their total momentum will be conserved, and the center of mass of the system will move with a 
constant velocity relative to the ground. The velocity of the center of mass is 6.0 m/s. Once the 
worker starts to move, the velocity of the flatcar relative to the ground will be taken as v car and the 

velocity of the worker relative to the ground will then be v car + 2.0 m/s. Apply Eq. 9-15, in one 
dimension. Letter A represents the worker, and letter B represents the flatcar. 
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ni A v A + m B v B _ m A (v car + 2.0 m/s) + m B v a 


— > 


m A + tn B 


m . 


m A + m B 


95 kg 


-(2.0m/s) = 6.0m/s (2.0m/s) = 5.493 m/: 


(m A +m B )' ' ' ' 375kg 

The flatcar moves this speed while the worker is walking. The worker walks 25 m along the flatcar 
at a relative speed of 2.0 m/s, and so he walks for 12.5 s. 

Av car = v car A t = (5.493 m/s) (12. 5 s) = 68.66 m = 69 m 


|79.| Call the origin of coordinates the CM of the balloon, gondola, and person at rest. Since the CM is at 
rest, the total momentum of the system relative to the ground is 0. The man climbing the rope cannot 
change the total momentum of the system, and so the CM must stay at rest. Call the upward 
direction positive. Then the velocity of the man with respect to the balloon is -v . Call the velocity 
of the balloon with respect to the ground v BG . Then the velocity of the man with respect to the 

ground is v MG = -v + v BG . Apply conservation of linear momentum in one dimension. 


0 = mV MG + MV BG = m (~ V + V BG ) + MV B 


— > 


m 


m + M 


, upward 


If the passenger stops, | the balloon also stops | , and the CM of the system remains at rest. 


80. Use Eq. 9- 19a. Call upwards the positive direction. The external force is gravity, acting downwards. 
The exhaust is in the negative direction, and the rate of change of mass is negative. 


Z — dy dM 

F =M v , 

ext , rel 7 

dt dt 


dM 

~Mg = Ma + v ex haus,— 


dt 


-4.0 Mg -4.0(3500kg)(9.80m/s 2 ) 


dM Idt 


-27 kg/s 


5 1 00 m/ s 


8 1 . The external force on the belt is the force supplied by the motor and the oppositely-directed force of 
friction. Use Eq. 9-19 in one dimension. The belt is to move at a constant speed, so the acceleration 
of the loaded belt is 0. 


, , dv „ 

M — = F , + v 

7 ext rt 

dt 

Z7 t \ 

F m at or=\ V ) — - 

dt 


dM 


M ( 0 ) - F motor + ^friction + (~ V ) 


dM 


I \ / muiui motion \ / 7 

dt dt 

■^friction = ( 2.20 m/s) ( 75 .0 kg/s) - ( - 1 SON ) = 315N 


The required power output from the motor is then found as the product of the force and the velocity. 
P mom = F m otor v = (315N)(2.20m/s) = 693W 


r lhp A 
746 W 


0.93 hp 


When the gravel drops from the conveyor belt, it is not accelerated in the horizontal direction by the 
belt and so has no further force interaction with the belt. The “new” gravel dropping on the belt 
must still be accelerated, so the power required is constant. 


82. The thrust is, in general, given as v n 


dM 

dt 


(a) The mass is ejected at a rate of 4.2 kg/s, with a relative speed of 550 m/s opposite to the 
direction of travel. 
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dM r . 

F _ v &el_ 

thrust rel 


fuel 


dt 


= (-550 m/s) (-4.2 kg/s) = 2310N 


2300N 


(. b ) The mass is first added at a rate of 120 kg/s, with a relative speed of 270 m/s opposite to the 
direction of travel, and then ejected at a rate of 120 kg/s, with a relative speed of 550 m/s 
opposite to the direction of travel. 

M "~-= (-270 m/s) (120 kg/s) + (-550 m/s) (-120 kg/s) = 33600 N 


F = v 

thrust rel 


dt 


3.4x10 N 


(c) The power developed is the force of thrust times the velocity of the airplane 

f \ 


P = 


F +F 

thrust thrust 
y fuel 


= (23 10N + 33600 N) (270 m/s) = 9.696xlO s W 


J 


( lhp ^ 
746 W 


1.3xl0 4 hp 


83. We apply Eq. 9- 19b in one dimension, with “away” from the Earth as the positive direction, and 
“towards” the Earth as the negative direction. The external force is the force of gravity at that 
particular altitude, found from Eq. 6- 1 . 


dv dM 

M — = F + v rcl 

dt dt 


dM 

dt 


1 


f 


dv 


M F 


dt 

(25000 kg) 


= — | M 

dt 


GM „ M 


(-1300 m/s) 


1.5m/s 2 + 


(6.67 x 10“ u N • m 2 /kg 2 ) (5.98 x 10 24 kg) 
(6.38xl0 6 m + 6.4xl0 6 m) 2 


-76kg/s 


The negative sign means that the mass is being ejected rather than absorbed. 


84. 


Because the sand is leaking out of the hole, rather than being pushed out 
the hole, there is no relative velocity of the leaking sand with respect to 
the sled (during the leaking process). Thus there is no “thrust” in this 
situation, and so the problem is the same as if there were no hole in the 
sled. From the free body diagram, we see that the acceleration down the 
plane will be a = gsin 0, as analyzed several times in Chapter 4. Use the 
constant acceleration relationships to find the time. 



x - x n + v n t + \a t 

0 2 x 



2(l20m) 


a x V (9.80m/s 2 )(sin32°) 


6.8s 


85 


It is proven in the solution to problem 6 1 that in an elastic collision 
between two objects of equal mass, with the target object initially 
stationary, the angle between the final velocities of the objects is 90°. 
For this specific circumstance, see the diagram. We assume that the 
target ball is hit “correctly” so that it goes in the pocket. Find 9 X from 


the geometry of the “left’ triangle: 


6 X = tan 1 


1.0 

VIo 


30°. Find 0 2 from 



i 
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the geometry of the “right” triangle: d 2 = tan 


3.0 

VIo 


= 60°. Since the balls will separate at a 90° 


angle, if the target ball goes in the pocket, this does appear to be a good possibility of a scratch shot 


86. The force stopping the wind is exerted by the person, so the force on the person would be equal in 
magnitude and opposite in direction to the force stopping the wind. Calculate the force from Eq. 9-2, 
in magnitude only. 

45 kg/s 


m 


A t 


m 


(l. 60m) (0. 50m) = 36kg/s Av wind = 120 km/h 


^ 1 m/s ^ 


3.6km/h 


= 33.33 m/s 


F =F .. 

on person on wind 


A p 


. . m . ,Av . . 

wind wind wind 


m 


At 


At 


At 


‘ Av wind = (36kg/s) (33.33 m/s) 


1200N 


The typical maximum frictional force is F fr = jumg = (1.0) (75kg) (9.80 m/s 2 ) = 740 N, and so we 
see that 


F > F 

on person fr 


. The wind is literally strong enough to blow a person off his feet. 


87. 


Consider conservation of energy during the rising and falling of the ball, between contacts with the 
floor. The gravitational potential energy at the top of a path will be equal to the kinetic energy at the 

start and the end of each rising-falling cycle. Thus mgh = \mv 2 for any particular bounce cycle, and 


so for an interaction with the floor, the ratio of the energies before and after the bounce is 


^after ™g h ' 1 20 ™ 


K u 


= 0.80. We assume that each bounce will further reduce the energy to 80% 


‘"before ”*gh L50m 

of its pre -bounce amount. The number of bounces to lose 90% of the energy can be expressed as 
follows. 


(0.8)" =0.1 „ = ^1 = 10.3 

log 0.8 


Thus after [1 1 bounces) , more than 90% of the energy is lost. 


As an alternate method, after each bounce, 80% of the available energy is left. So after 1 bounce, 
80% of the original energy is left. After the second bounce, only 80% of 80%, or 64% of the 
available energy is left. After the third bounce, 5 1 %. After the fourth bounce, 4 1 %. After the fifth 
bounce, 33 %. After the sixth bounce, 26%. After the seventh bounce, 21%. After the eight bounce, 
17%. After the ninth bounce, 13%. After the tenth bounce, 1 1 %. After the eleventh bounce, 9% is 
left. So again, it takes 1 1 bounces. 


88. Since the collision is elastic, both momentum (in two dimensions) and kinetic energy are conserved. 
Write the three conservation equations and use them to solve for the desired quantities. The positive 
x direction in the diagram is taken to the right, and the positive y direction is taken towards the top of 
the picture. 

P x = P x -> 0 = mv pin sin 75° - Mv bd]i sin 6 -> v pin sin 75° = 5v ball sin# 

initial final 

P y = P y -» M(l3.0m/s) = rnv pta cos75° + Mv ball cos<9 -> 

initial final 

65.0m/s-\'. cos 75° = 5v. „ cos 6 

/ pin ball 
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"^initial ^ final 


2 

'’ball 


845 m 2 / s 2 = v 2 . + 5v, 

/ pin I 


2 

ball 


— > 


yM (13.0 m/s)" = \mv 2 m + \Mv 
845m 2 /s 2 — v 2 = 5v 2 

/ pin ball 

Square the two momentum equations and add them to eliminate the dependence on 9. 

v 2 sin 2 75° = 25v 2 sin 2 6 ; (65.0)" - 2 (65.0) v cos75° + v 2 cos 2 75° = 25v 2 cos 2 9 

v 2 sin 2 75° + (65.0)" -2(65.0) v . cos75° + v 2 cos 2 75° = 25v 2 sin 2 9 + 25v 2 cos 2 9 + 

(65.0) 2 -130v pta cos75° + v 2 ta =25v 2 all = 5(5v 2 all ) 

Substitute from the kinetic energy equation. 

(65.0) 2 — 1 30v cos 75° + v 2 = 5(845 -v 2 ) 

6v 2 = 130v cos75° — > v. =5.608m/s 

pin pin pin / 

= Vi( 845 -^) - ^i(845-(5.608) 2 ) = 12.756m/; 


4225 -130v. cos 75° + v =4225-5v z . 

pm pin pin 


845 - v 2 = 5v 2 .. 

pin ball 


v. sin 75° = 5v. „ sin 9 


9 = sin 1 


V sin 75 




5v, 


= sin 


ball / 


(5.608)sin75 c 

5(12.756) 


= 4.87° 


So the final answers are as follows. 


(a) v m = 5.608m/s = 5.6m/s 


(b) \^ ball = 12.756m/s ~ 13m/s 


(c) 0 = 4.87° - [45f 


89. This is a ballistic “pendulum” of sorts, similar to Example 9-11 in the textbook. There is no 
difference in the fact that the block and bullet are moving vertically instead of horizontally. The 
collision is still totally inelastic and conserves momentum, and the energy is still conserved in the 
rising of the block and embedded bullet after the collision. So we simply quote the equation from 
that example. 

m + M r— 

v — sJ2gh 

m 


1 1 

( mv / 

2 

1 

f (0.0240 kg)(310m/s)V 

2-g 

/ m + M ) 

~2\ 

[9. 80 m/s 2 ) 

v 0.0240 kg + 1.40 kg , 


90. The initial momentum is 0, and the net external force on the puck is 0. Thus momentum will be 
conserved in two dimensions. 


P initial = P initial 0 = »IV/ + 2»I (2v) j + OTV, ; 

^3 = . 

<, + 5 

1 

< 

> 

1 

11 

'12' 

'zt 

i 

+ 

> 

i 

ii 

pT 

Vt7v 

^ l “4V 

9 i = tan = 

256° 



-v 
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K — K 

9L] The fraction of energy transformed is ,nitial fmal 


K 


~^initial ~^final 

K ... , 


l m A v 2 A-j( m A +m B ) V ' 

\ m A V l 


m A V l-{ m A +m B ) 


m . 


\ m A + m R j 


m A v i 


= 1 -- 


>11, 


m D 


m A + m B m A + m B 


92. Momentum will be conserved in the horizontal direction. Let A represent the railroad car, and B 
represent the snow. For the horizontal motion, v B = 0 and v' B = v' A . Momentum conservation in the 
horizontal direction gives the following. 

P initial = P fmal M A V A = { mt + mt ) V 'a 

, >ii A v A (4800 kg) (8.60 m/s) 


m A + m B 


4800 kg + 


3.80 kg 
V min 


(60.0 min) 


= 8.210m/s= 8.2m/s 


93. (a) We consider only the horizontal direction (the direction of motion of the railroad car). There is 
no external force in the horizontal direction. In Eq. 9- 19b, the relative velocity (in the 
horizontal direction) of the added mass is the opposite of the horizontal velocity of the moving 
mass, since the added mass is moving straight down. 


dv dM 

M = ^cxt + V rel 

dt dt 


dv dM 

— » M — = -v 

dt dt 


dv dM r av r aivi 

,, A/f J ,, J A/f 


dv 


dM 


— > 


— > 


M 


M 


ln ^ = _ ln W =ln A 


M n 



M. 


(. b ) Evaluate the speed at t = 60.0 min. 


>(t = 60. 0) = 


4800 kg 


0 w dM 

m " + A' 


4800kg + (3.80 kg/rnin )(60.0min) 
This agrees with the previous problem. 


1.2 m/s 


94. (a) No, there is no net external force on the system. In particular, the spring force is internal to the 
system. 

( b ) Use conservation of momentum to determine the ratio of speeds. Note that the two masses will 
be moving in opposite directions. The initial momentum, when the masses are released, is 0. 


P initial P la 




initial later 

2 

A_ 

2 


0 = m A V A ~ m B V B -» V a/ V B= ™b/' 


m . 


(c ) _ \ m A V ~A _ 


f .. ^ 


m n 


K v bJ 


m. 


m u 


\ m A J 
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(d) The center of mass was initially at rest. Since there is no net external force on the system, the 
center of mass does not move, and so stays at rest. 

(e) With friction present, there could be a net external force on the system, because the forces of 
friction on the two masses would not necessarily be equal in magnitude. If the two friction 
forces are not equal in magnitude, the ratios found above would not be valid. Likewise, the 
center of mass would not necessarily be at rest with friction present. 


95. We assume that all motion is along a single direction. The distance of sliding can be related to the 
change in the kinetic energy of a car, as follows. 

W fr - AK = / m (v 2 - v 2 ) W fi = F fr Ax cos 1 80° 6 = -fl k F N Ax = -ju k mgAx — > 

-M k gAx = \(v 2 f -v 2 ) 

For post-collision sliding, v f = 0 and v. is the speed immediately after the collision, v . Use this 
relationship to find the speed of each car immediately after the collision. 

Car A: -jU k gAx' A = v A — > v A = ^2jU k gAx' A = ^2(0.60) (9.80 m/s 2 )(l 8 m) = 14.55 m/s 

CarB: -ju k gAx' n - ~yv' B — > v B = y]2/J k gAx' B = A y2(0.60)(9.80m/s 2 )(30 m) = 18.78m/s 


During the collision, momentum is conserved in one dimension. Note that v B = 0. 

initial = Ainal -» m A V A= m A V A +m B V B 

_ m A v' A +m B v' B _ (I500kg)(l4.55m/s) + (I100kg)(l8.78m/s) 


m. 


1500 kg 


= 28.32 m/s 


For pre-collision sliding, again apply the friction-energy relationship, with v, = v A and v. is the 
speed when the brakes were first applied. 

-M k gte A = I (■ v\ - V 2 ) -» V,. = 7 v 4 + 2 M k gte A = ^/(28.32m/s) 2 + 2(0.60) (9.80 m/s 2 ) (15 m) 


= 3 1.23 m/s 


f lmi/h A 
v 0.447 m/s j 


70mi/h 


This is definitely over the speed limit. 


96. (a) The meteor striking and coming to rest in the Earth is a totally inelastic collision. Let A 

represent the Earth and B represent the meteor. Use the frame of reference in which the Earth is 
at rest before the collision, and so v A = 0. Write momentum conservation for the collision. 

m n v n = ( m A + m n ) v ' -» 




v = v D 


m A +m B 


= (2.5xl0 4 m/s) 


2.0xl0 8 kg 


6.0x10 kg + 2.0xl0 kg 


8.3xl0^ 13 m/s | 


This is so small as to be considered 0. 


(b) 


The fraction of the meteor’s kinetic energy transferred to the Earth is the final kinetic energy of 
the Earth divided by the initial kinetic energy of the meteor. 


^final i >2 1 / 

Earth _\™ A V 

6.0xl0 24 kg)(8.3xKT 13 m/s 

Li 

3.3xl0“ 17 

K | m a v 2 i 

initial 2 B B 2 

meteor 

(2.0xl0 8 kg) 

(2.5xl0 4 m/s) 

2 1 
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( c ) The Earth’s change in kinetic energy can be calculated directly. 


AK Earth -^ inMal =>y 2 -0 = |(6.0xl0 24 kg)(8.3xl0- 13 m/s) 

Earth Earth 


[97. 1 Since the only forces on the astronauts are internal to the 2-astronaut system, their CM will not 

change. Call the CM location the origin of coordinates. That is also the original location of the two 
astronauts. 

m A x A + m B x B (60kg)(l2m) + (80kg)x B 

— 7 U — 7 A 7 III 


m A + m n 


140 kg 

Their distance apart is x A - x B = 12 m - (-9 m) = 


21m 


98. This is a ballistic “pendulum” of sorts, similar to Example 9-11 in the textbook. The mass of the 
bullet is m, and the mass of the block of wood is M. The speed of the bullet before the collision is v, 
and the speed of the combination after the collision is v . Momentum is conserved in the totally 
inelastic collision, and so mv = ( m + M)v'. The kinetic energy present immediately after the 
collision is lost due to negative work being done by friction. 

W 6 = AK = j m ( v 2 - y 2 ) after W a = F 6 Ax cos 1 80° d = -jU k F N Ax = -ju k mgAx -+ 

collision 


~M k gAx = y(v 2 - v 2 ) = --jv' 2 -7 v' = ^2{i k gAx 

Use this expression for v in the momentum conservation equation in one dimension in order to 
solve for v. 

mv = (m + M)v' = (m + M) 2/y.gAx 


— > 


v = 


m + M 


V m J 


^2/i k gAx 


f 0.022 kg + 1.35 kg ' 
0.022 kg 


2 (0.28) (9. 80 m/s 2 ) (8.5 m) 


4.3 xlO 2 m/s 


99. (a) Conservation of mechanical energy can be used to find the velocity 
of the lighter ball before impact. The potential energy of the ball at 
the highest point is equal to the kinetic energy of the ball just 
before impact. Take the lowest point in the swing as the zero 
location for gravitational potential energy. 


initial "^hinal 


m A gt (l - cos 




m A v 


a k a 


v A = yj2 g £ (l - cos#) = ^2(9.80m/s 2 )(0.30m)(l - cos 66°) 


= 1.868 m/s ~ 1.9 m/s 



Lcosd 


( b ) This is an elastic collision with a stationary target. Accordingly, the relationships developed in 
Example 9-8 are applicable. 

f- , , 

= (1.868 m/s) 


^ 0.045 kg - 0.065 kg ^ 


v m A + m n j 
2 m , 


\m A + m Bj 


= (l.868m/s) 


0.045 kg + 0.065 kg 
2 (0.045 kg) 
0.045 kg + 0.065 kg 


= -0. 3396 m/s = -0.34 m/s 


= 1.528 m/s = 1.5 m/s 
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( c ) We can again use conservation of energy for each ball after the collision. The kinetic energy of 
each ball immediately after the collision will become gravitational potential energy as each ball 


rises. 


^ initial "^hinal 


i 2 

j mv 


mgh 


/? = — 
2g 


h A = — 

2 g 


(~0.3396m/s) 2 
2 (9.80m/ s 2 ) 


5.9 x 10 m 




v 2 b (l.528m/s) 2 


2g 2 (9.80m/ s 2 ) 


0.12m 


100. (a) Use conservation of energy to find the speed of mass m before the collision. The potential 
energy at the starting point is all transformed into kinetic energy just before the collision. 

mgh K - y mv\ — > v A = ^2gh A = ^2 (9.80 m/s 2 ) (3.60 m) = 8.40 m/s 

Use Eq. 9-8 to obtain a relationship between the velocities, noting that v B = 0. 


V B = V A +V A 


Apply momentum conservation for the collision, and substitute the result from Eq. 9- 
mv A = mv A + Mv B = mv A + M ( v A + v A ) — > 


m-M 
1 77 + M 


2.20 kg -7.00 kg 
9.20 kg 


(8.4m/s) = -4.38m/s = -4.4 m/s 


v B = v A + v A = -4.4 m/s + 8.4 m/s = 4.0 m/: 


( b ) Again use energy conservation to find the height to which mass m rises after the collision. The 
kinetic energy of m immediately after the collision is all transformed into potential energy. Use 
the angle of the plane to change the final height into a distance along the incline. 

/2 

1 /2 7 / 7 / ^A 

- mv A - mgh A -> h A = — 

2 g 


d[ = 


K 


V A 


(-4.38 m/s) 2 


sin 30° 2gsin30° 2(9.8m/s 2 )gsin30° 


= 1.96 m = 2.0 m 


101. Let A represent mass m and B represent mass M. Use Eq. 9-8 to obtain a relationship between the 
velocities, noting that v B = 0. 


V A- V B= V B- V A V A = V B-U- 

After the collision, v A < 0 since m is moving in the negative direction. For there to be a second 
collision, then after m moves up the ramp and comes back down, with a positive velocity at the 
bottom of the incline of -v A , the speed of m must be greater than the speed of M so that m can catch 

M. Thus -v A > v B , or v A < -v' B . Substitute the result from Eq. 9-8 into the inequality. 

V B- V A<- V B V B<i V A 

Now write momentum conservation for the original collision, and substitute the result from Eq. 9-8. 

2/72 

mv A = mv A + Mv' b = m ( v' - v A ) + Mv' B -> v' = — v A 

m+M 

Finally, combine the above result with the inequality from above. 

2 m 


m + M 


v A < y v A — > 4/72 < m + M — > 


m < yM = 2.33 kg 
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102. Call the final direction of the joined objects the positive x axis. A diagram of 
the collision is shown. Momentum will be conserved in both the x and y 
directions. Note that v A = v B = v and v = v/3. 

p y : - mv sin #, + mv sin #, = 0 — > sin 6 X = sin <9, — > 6* = #, 
p x : mv cos #, + mv cos 0 2 = {2m ) (v/3) — > cos 6* + cos #, = | 
cos #, + cos d 2 = 2 cos #, = f — > #, = cos -1 y = 70.5° = 0 2 


6 l +0 2 


141° 



103. The original horizontal distance can be found from the range formula from Example 3-10. 
R = v 0 2 sin 2 6 0 /g = (25 m/s)' (sin56°)y / (9.8m/s 2 ) = 52.87 1 


m 


The height at which the objects collide can be found from Eq. 2- 12c for the vertical motion, with 
v , = 0 at the top of the path. Take up to be positive. 


v ; = Ko + 2 a (y~y 0 ) {y-y 0 ) = 


2 2 
V y~ V yO 


2 a 


0- [(25 m/s) sin 28°]' 
2 (-9.80 m/s 2 ) 


= 7.028 m 


Let m represent the bullet and M the skeet. When the objects collide, the skeet is moving 
horizontally at v 0 cos# = (25 m/s) cos 28° = 22.07 m/s = v v , and the bullet is moving vertically at 

v = 230 m / s . Write momentum conservation in both directions to find the velocities after the 
totally inelastic collision. 

Mv x (0.25 kg) (22.07 m/s) 


P x : Mv x = (M + m)v' x 


P y : mv ={M + m)v 


v,. = 


M+m (0.25 + 0.0 15) kg 
mv y (0.015 kg)(230m/s) 


M + m 


= 20.82 m/s 
= 13.02 m/s 


(0.25 + 0.015)kg 

(a) The speed v can be used as the starting vertical speed in Eq. 2- 12c to find the height that the 
skeet-bullet combination rises above the point of collision. 
v 2 = v 2 + 2a ( v - v„ ) — > 

y y 0 V- 7 / 0/ extra 

0- (13.02 m/s) 2 


(y-y 0 \ 


2 2 

v - V „ 

y yo 


2 a 


= 8.649m 


1.6m 


2 (-9. 80 m/s 2 ) 

(. b ) From Eq. 2- 12b applied to the vertical motion after the collision, we can find the time for the 
skeet-bullet combination to reach the ground. 

y = y Q +v' r t + -at 1 — > 0 = 8.649 m + (13.02 m/s) t + \ (-9. 80m/s 2 ) t 2 — > 

4.9r -13.02? -8.649 = 0 -+ t = 3.207s ,- 0.550s 
The positive time root is used to find the horizontal distance traveled by the combination after 
the collision. 

x after = v 'j = ( 20. 82 m/s ) ( 3 .207 s) = 66.77 m 

If the collision would not have happened, the skeet would have gone / R horizontally from this 
point. 

Ax = x after -±R = 66.77 m -^(52.87 m) = 40.33 m 
Note that the answer is correct to 2 significant figures. 


40 m 
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104. In this interaction, energy is conserved ( initial potential energy of mass - compressed spring system 
= final kinetic energy of moving blocks) and momentum is conserved, since the net external force is 
0. Use these two relationships to find the final speeds. 


P initial P final 


"^initial ^ final 


0 = mv. - 3 /77V, 


U . =K, , 

spring final 

initial 


= 3v, 


HD 


1 2 

= 4 mv 

2 m 


+ 2 3wv j* = ( 3 v 3„, ) 2 + 7 3 "” ; L = 6mv i 


jkD 2 = 6 mv 


2 

3/71 



105. The interaction between the planet and the spacecraft is elastic, because the force of gravity is 
conservative. Thus kinetic energy is conserved in the interaction. Consider the problem a 1 - 
dimensional collision, with A representing the spacecraft and B representing Saturn. Because the 
mass of Saturn is so much bigger than the mass of the spacecraft, Saturn’s speed is not changed 
appreciably during the interaction. Use Eq. 9-8, with v A = 10.4km/s and v B = v' B = -9.6km/s. 

v a- v b=- v 1 +v b U =2v B -v A =2(-9.6km/s)-10.4km/s = 

Thus there is almost a threefold increase in the spacecraft’s speed, and it reverses direction. 


-29.6 km/s 


106. Let the original direction of the cars be the positive direction. We have v A = 4.50 m/s and 
v B = 3.70 m/s. 

(a) Use Eq. 9-8 to obtain a relationship between the velocities. 

U - 1; B = - (U - v b ) -» v b = v A - v B + v A = 0.80 m/s + v' A 
Substitute this relationship into the momentum conservation equation for the collision 
777 a V a + 777 b V b = W a v/ + »l B v' -> 777 A V A + 777 B V B = 771 a v' + 777 B (0.80 m/s + V ' A ) -» 

, 7?7 A v A + /77 B (v B - 0.80 m/s) (450 kg) (4.50 m/s) + (490 kg) (2.90 m/s) 


777 A + 777 B 


940 kg 


= 3.666 m/s 


3.67m/s ; v B = 0.80 m/s + v A = 4.466 m/s = 4.47 m/s 


(. b ) Calculate A p = p - p for each car. 

A p A = m A v' A ~ m A v A = (450kg) (3.666 m/s - 4.50m/s) = -3.753x 10 2 kg*m/s 


-380kg*m/s 


A p B = 7?7 b \' b - 777 b v b - (490 kg) (4.466 m/s -3.70 m/s) - 3.753 xlO 2 kg*m/s 


380kg*m/s 


The two changes are equal and opposite because momentum was conserved. 


107. Let A represent the cube of mass M and B represent the cube of mass m. Find the speed of A 
immediately before the collision, v A , by using energy conservation. 

Mgh = / Mv\ — > v A = y]2gh = ^2 (9.8 m/s 2 ) (0.35 m) = 2.619 m/s 

Use Eq. 9-8 for elastic collisions to obtain a relationship between the velocities in the collision. We 
have v B = 0 and M = 2m. 

v a- v b=-( v a~ v b) -» U = U + U 

Substitute this relationship into the momentum conservation equation for the collision. 
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m A v A + m B v B = m A v A + m B v B 


m 


AT = W A V 1 + K + 


„ 0 / / / \ f V A V2 5* ^2 (9. 80 m/s 2 ) (0.35 m) 

277tv A =2mv A +ffl(v A +v A ) -> v a = Y = ^~ = = 0.873 m/s 

V B= V A +V 'A=l V A= 3A92m / S 

Each mass is moving horizontally initially after the collision, and so each has a vertical velocity of 0 
as they start to fall. Use constant acceleration Eq. 2- 12b with down as positive and the table top as 
the vertical origin to find the time of fall. 


i 


y = y 0 +v o t+ i at 


H = 0 + 0 + |gr 


= v/2 tf/g 


Each cube then travels a horizontal distance found by Ax = vAt . 

Ax m - v' At = Jiff. _ ZyJhH = |^(0.35m)(0.95m) = 0.3844m = 


3 


g 


0.38m 


>m i 


Ax m = v' B At = lUL = 1 y[hH = |*/(0.35m)(0.95m) = 1 .538 1 

3 V g 

108. (a) Momentum is conserved in the z direction. The initial z-momentum is 0. 

^ z satellite 

850 kg 


P, = P, 

before after 


^ ^satellit e^z satellite ^shuttle shuttle 


1.5m 


m. 


92,000 kg 


(0.30m/s) = -2.8x10 3 m/s 


And so the component in the minus z direction is 2.8 x 10 3 m/s 


(b) The average force is the change in momentum per unit time. The force on the satellite is in the 
positive z direction. 

A p mAv (850kg) (0.30m/s) 1 
At At 4.0 s 


F 


64 N 


109.| (a) The average force is the momentum change divided by the elapsed time. 

(1500kg) (0-45km/h)( 


^ 1 m/s ^ 


F = 


A p mAv 


v 3.6km/h j 


= -1.25x10 N 


-1.3x10 N 


“ -s At At 0.15 s 

The negative sign indicates direction - that the force is in the opposite direction to the original 
direction of motion. 

(. b ) Use Newton’s second law. 

„ . -1.25x10 5 N /2 /2 

= » 7 «av g «av g = = = - 83 -33 m/s - -83 m/s 

m 1500kg 


110. (a) In the reference frame of the Earth, the final speed of the Earth-asteroid system is essentially 0, 
because the mass of the Earth is so much greater than the mass of the asteroid. It is like 
throwing a ball of mud at the wall of a large building - the smaller mass stops, and the larger 
mass doesn’t move appreciably. Thus all of the asteroid’s original kinetic energy can be 
released as destructive energy. 


^orig = \ mV 0 = 7 


(3200 kg/m 3 )j^(l. Ox 10 3 m) 3 (l.5xl0 4 m/s) 2 = 1.507xl0 21 J 
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1.5x10 21 J 


(b) 1.507 X10 21 J 


2 1 bomb ' 


V4.0x10 16 J J 



38,000 bombs 


111. We apply Eq. 9- 19b, with no external forces. We also assume that the motion is all in one 
dimension. 

dM 


, , (ft - 

M — = v 

7 r< 

dt 


dt 


Mdv = v icl dM 


— dv = — dM 
, M 


1 


v 


rel 0 
ejected 


f dv = [ — dM 

J J M 


v r , , M r . 

linal 1 „ linal 


AT 


M a , = M n e”“ /v ' 


= M 0 - M Bml = M 0 (l - e v “ /v ” 1 ) = (210kg) (l - e 20/(_35) ) = 1 1.66kg - 12 kg 


112. (a) We take the CM of the system as the origin of 
coordinates. Then at any time, we consider the 
x axis to be along the line connecting the star and the 
planet. Use the definition of center of mass: 


m A r A +m B (-r B ) 


= 0 


(b) 


m D 


m A + m B 


1.0x10 


m u 


m. 


(8.0xl0“m) 


3.0x10 m 


(c) The geometry of this situation is illustrated 
in the adjacent diagram. For small angles in 
radian measure, 6 ~ tan 9 ~ sin 9. 


2 v 

9 ~tm 9 ~ — — 
d 


2 r A 2 (8.0 x10 s m) 


nu 




9 


3.30x10 m 


V 1000 A 3600 / jgQ 


Hy 


9.46x10 m 


m. 



35 ly 


(d) We assume that stars are distributed uniformly, with an average interstellar distance of 4 ly. If 
we think about each star having a spherical “volume” associated with it, that volume would 
have a radius of 2 ly (half the distance to an adjacent star). Each star would have a volume of 

y 7ry lm = y n (2 ly) 3 . If wobble can be detected from a distance of 35 ly, the volume over which 


wobble can be detected is y^r d 3 etectab i e = f 7r(351y) 3 . 


3 

lett 
wobble 


— iry^ 

3 detectable 


# stars = ■ 


y nr 

3 star 


(35 ly)’ 
(2iy)' 


5400 stars 


113. This is a totally inelastic collision in one dimension. Call the direction of the Asteroid A the positive 
direction. 

S V A +m B V B={ m A +m B) V ' 


' initial P final 


m , 
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m A v A +m B v B _ (7.5xl0 12 kg)(3.3km/s) + (l.45xl0 13 kg)(-1.4km/s) 
m A +m B 7.5xl0 12 kg + 1.45xlO n kg 

0.2km/s, in the original direction of asteroid A 


1 14. (a) The elastic, stationary-target one-dimensional collision is analyzed in Example 9-8. We can use 
the relationships derived there to find the final velocity of the target. 


f lm A l 

_ lm A V A . 

2v a 

{m A + m B J 

m A + m B 

l + m B /m A 


Note that since m B < m A , v' B > v A . 

(. b ) In this scenario, the first collision would follow the same calculation as above, giving v' c . Then 
particle C is incident on particle B, and using the same calculation as above, would give v' B . 


f 2m A ^ 

r 2m c A 
V ? n B +m cJ 


= v A 


f lm A "j 

2 tn c / 


1v m A m C 

\ A m A +m c ) 

v" 7 b + m c) 


A ( m A + m c)( m B +m c) 


dv' 


( c ) To find the value of m c that gives the maximum v' B , set — — = 0 and solve for w 

dm c 

dv' B A [(m A + m c )(m B +m c )-m c (m A +m B + 2m c )\ 

= 4 v a"N ; — : — a = ° 


dm c (m A + m c y(m B + m c ) 

( m A + m c ) i m B + m c ) ~ m c i m A + m n + 2m c ) = 0 


— > 


id) 


m A m B - m" c =0 — > 




m r . = dm A m B 


The graph is shown here. The numeric maximum of the graph has v B = 4.5 m/s 


and occurs at 


m c = 6.0 kg . According to the analysis from part (c), the value of m c = A Jm A m B = 




18.0kg) (2.0kg) = 6.0kg, and gives a speed of Vg 


4 V A m A m c 

( m A +m c )(m B +m c ) 


_ 4 (2. 0 m/s) (l 8. 0kg) (6. 0kg) 
(24.0kg) (8.0kg) 

= 4.5 m/s. 

The numeric results agree with the 
analytical results. The spreadsheet 
used for this problem can be found on 
the Media Manager, with filename 
“PSE4_ISM_CH09.XLS,” on tab 
“Problem 9.1 14d.” 
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Responses to Questions 

[T] The odometer will register a distance greater than the distance actually traveled. The odometer 

counts the number of revolutions and the calibration gives the distance traveled per revolution (27tr). 
The smaller tire will have a smaller radius, and a smaller actual distance traveled per revolution. 

2. A point on the rim of a disk rotating with constant angular velocity has no tangential acceleration 
since the tangential speed is constant. It does have radial acceleration. Although the point’s speed is 
not changing, its velocity is, since the velocity vector is changing direction. The point has a 
centripetal acceleration, which is directed radially inward. If the disk’s angular velocity increases 
uniformly, the point on the rim will have both radial and tangential acceleration, since it is both 
moving in a circle and speeding up. The magnitude of the radial component of acceleration will 
increase in the case of the disk with a uniformly increasing angular velocity, although the tangential 
component will be constant. In the case of the disk rotating with constant angular velocity, neither 
component of linear acceleration will change. 

3. No. The relationship between the parts of a non-rigid object can change. Different parts of the object 
may have different values of co. 

4. Yes. The magnitude of the torque exerted depends not only on the magnitude of the force but also on 
the lever arm, which involves both the distance from the force to the axis of rotation and the angle at 
which the force is applied. A small force applied with a large lever arm could create a greater torque 
than a larger force with a smaller lever arm. 

5. When you do a sit-up, you are rotating your trunk about a horizontal axis through your hips. When 
your hands are behind your head, your moment of inertia is larger than when your hands are 
stretched out in front of you. The sit-up with your hands behind your head will require more torque, 
and therefore will be “harder” to do. 

6. Running involves rotating the leg about the point where it is attached to the rest of the body. 
Therefore, running fast requires the ability to change the leg’s rotation easily. The smaller the 
moment of inertia of an object, the smaller the resistance to a change in its rotational motion. The 
closer the mass is to the axis of rotation, the smaller the moment of inertia. Concentrating flesh and 
muscle high and close to the body minimizes the moment of inertia and increases the angular 
acceleration possible for a given torque, improving the ability to run fast. 

[ 7 ] No. If two equal and opposite forces act on an object, the net force will be zero. If the forces are not 
co-linear, the two forces will produce a torque. No. If an unbalanced force acts through the axis of 
rotation, there will be a net force on the object, but no net torque. 

8. The speed of the ball will be the same on both inclines. At the top of the incline, the ball has 
gravitational potential energy. This energy becomes converted to translational and rotational kinetic 
energy as the ball rolls down the incline. Since the inclines have the same height, the ball will have 
the same initial potential energy and therefore the same final kinetic energy and the same speed in 
both cases. 

9. Roll the spheres down an incline. The hollow sphere will have a great moment of inertia and will 
take longer to reach the bottom of the incline. 
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10. The two spheres will reach the bottom at the same time with the same speed. The larger, more 
massive sphere will have the greater total kinetic energy at the bottom, since the total kinetic energy 
can be stated in terms of mass and speed. 

11. A tightrope walker carries a long, narrow beam in order to increase his or her moment of inertia, 
making rotation (and falling off the wire) more difficult. The greater moment of inertia increases the 
resistance to change in angular motion, giving the walker more time to compensate for small shifts 
in position. 


12. The moment of inertia of a solid sphere is given by jrMR 2 and that of a solid cylinder is given 
by j MR 2 . The solid sphere, with a smaller moment of inertia and therefore a smaller resistance to 

change in rotational motion, will reach the bottom of the incline first and have the greatest speed. 
Since both objects begin at the same height and have the same mass, they have the same initial 
potential energy. Since the potential energy is completely converted to kinetic energy at the bottom 
of the incline, the two objects will have the same total kinetic energy. However, the cylinder will 
have a greater rotational kinetic energy because its greater moment of inertia more than compensates 

for its lower velocity. At the bottom, v sphere = J^fgh and v c lfader = Jj gh . Since rotational kinetic 
energy is K rot =\I(D 2 , then K mt = f mgh and K m = \mgh. 

sphere cylinder 


13. 


The moment of inertia will be least about an axis parallel to the spine of the book, passing through 
the center of the book. For this choice, the mass distribution for the book will be closest to the axis. 


14. Larger. The moment of inertia depends on the distribution of mass. Imagine the disk as a collection 
of many little bits of mass. Moving the axis of rotation to the edge of the disk increases the average 
distance of the bits of mass to the axis, and therefore increases the moment of inertia. (See the 
Parallel Axis theorem.) 

15. If the angular velocity vector of a wheel on an axle points west, the wheel is rotating such that the 
linear velocity vector of a point at the top of the wheel points north. If the angular acceleration 
vector points east (opposite the angular velocity vector), then the wheel is slowing down and the 
linear acceleration vector for the point on the top of the wheel points south. The angular speed of the 
wheel is decreasing. 


Solutions to Problems 


[j] (a) (45.0°) (2k rad/360°) = |^/4rad 

(b) (60.0°) (2k rad/3 60°) = |^/3rad 

(c) (90.0°) (2k rad/3 60°) = fr/2rad 
(, d) (360.0°) (2 k rad/360°) = 


^■/4rad 


0.785 rad 

k/ 3 rad 

1.05 rad 

k/ 2 rad 

1.57 rad 

= 2k rad 

1= 

6.283 rad 

89/r/36 rad 

= 7.77 rad 
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2. The subtended angle (in radians) is the diameter of the Sun divided by the Earth - Sun distance. 

„ diameter of Sun 
9 = — » 


( #rad | 

(l.5x 10 u m) = 6.545 x 10 8 m = 

7x 10 8 m 

O 

O 

00 




3. We find the diameter of the spot from the definition of radian angle measure. 

9 = - diameter = 6>r Earth _ Moon = (l.4xl0 5 rad)(3.8xl0 s m): 


5300 m 


4. The initial angular velocity is CO o = 

definition of angular acceleration. 
A co 0-681 rad/s 


^ rev V In rad V 1 min 

6500 

V min J v 1 rev J v 60 sec 


= 681 rad/s. Use the 


a = 


At 


4.0 s 


-170 rad/s 2 


5. (a) co = 


f 2500 rev ^ 

/ 2 n rad ^ 

^ lining 

v 1 min 

v l rev J 

v 60s j 


= 26 1.8 rad/sec = 260 rad/sec 


(. b ) v = cor = (261.8rad/sec)(0.175 m) = 46m/s 


i v = co 2 r = (261.8rad/sec)' (0.175 m) = 1.2xl0 4 m / 


6. In each revolution, the wheel moves forward a distance equal to its circumference, nd. 

a A r t n\ a t to 7200m 

Ax = N iev [nd ) — > N = — = ■ 


3400 rev 


nd #(0.68 m) 

|t] The angular velocity is expressed in radians per second. The second hand makes 1 revolution every 
60 seconds, the minute hand makes 1 revolution every 60 minutes, and the hour hand makes 1 
revolution every 12 hours. 


(a) Second hand: co = 


(. b ) Minute hand: CO = 


1 rev 
60 sec 

/ 

1 rev 
60 min 


In rad 
1 rev 


— rad/sec 
30 


1.05x10 


rad 


sec 


' 2 n rad ^ 

4 1 min 7 


n rad 


v 1 rev ) 

v 60 s ) 


1800 sec 



1.75x10" 


rad 


sec 


(c) Hour hand: co = 


1 rev 


V 12h j 


In rad 
1 rev 


lh 


3600 s 


n rad 


21,600 sec 


1.45x10" 


rad 


sec 


(d) The angular acceleration in each case is |_0j, since the angular velocity is constant. 
1. The angular speed of the merry-go-round is 2#rad/4.0s = 1.57 rad/s. 


(a) v = cor = (l. 57 rad/ sec) (1.2 m) = 1.9m/s 
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( b ) The acceleration is radial. There is no tangential acceleration. 


a R = 0) r 


= (1.57 rad/sec)' (1.2 m) = 3.0 m/s 2 towards the center 


9. Each location will have the same angular velocity (1 revolution per day), but the 
radius of the circular path varies with the location. From the diagram, we see 
r = R cos 9 , where R is the radius of the Earth, and r is the radius at latitude 9. 


2n 


(a) v = cor = — r = 

T v 

2 n ^ 

( b ) v = cor = — r- 

T v 

2 n ^ 

(c) v = cor = — r = 

T v 


In rad 


lday 


lday ) 

^ 86400s 

In rad ' 

( lday 

lday j 

l v 86400 s 

2 n rad ) 

f lday 


(6.38xl0 6 m) = 464 m/; 


lday 


86400s 


(6.38xl0 6 m)cos66.5° = 185m/ 


(6.38xl0 6 m)cos45.0° = [328 m/ 



10. (a) The Earth makes one orbit around the Sun in one year. 


^orbit 


A 9 

f In rad ^ 

r 1 year / 

At 

( lyear y 

V3.16xl0 7 s J _ 


1 .99 xlO -7 rad/s 


( b ) The Earth makes one revolution about its axis in one day. 


co 


A 9 

f 2 n rad ^ 

f lday > 


At 

l lday J 

v 86,400 s J 



7.27 xlO" 5 rad/s 


11. The centripetal acceleration is given by a = of r. Solve for the angular velocity. 

( 1 — ,, \f AOo A 




a_ |( 100, 000) (9.80 m/s^) rad 


0.070 m 


lrev 
2n rad 


60s 
V 1 min j 


3.6 x 10 4 rpm 


12. Convert the lpm values to angular velocities. 

= 13.6 rad/s 


co 0 = 


CO - 


V 1 rev J 


V 1 rev J 


60 sec J 


^ rev V 2 n rad V 1 min ^ 

130 

V min j 

f rev V In rad V 1 min / 

280 

V min y 


60 sec ) 


= 29.3 rad/s 


(a) The angular acceleration is found from Eq. 10-3 a. 


a = 


co — co n 29. 3 rad/s - 13. 6 rad/s 


= 3.93rad/s 2 ~ 3.9rad/s 


t 4.0 s 

(b) To find the components of the acceleration, the instantaneous angular velocity is needed. 
co= co 0 + at = 13.6 rad/s + (3.93rad/s 2 )(2.0s) = 2 1.5 rad/s 

The instantaneous radial acceleration is given by a R = ofr. 


a R = ofr = (21.5rad/s)” (0.35m) = 160m/s 


The tangential acceleration is given by a tm = ar , 


a tan = ar ~ (3.93rad/s 2 )(0.35m) = 1.4m/; 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

307 
















Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


13. (a) The angular rotation can be found from Eq. 10-3 a. The initial angular frequency is 0 and the 
final frequency is 1 rpm. 


^1 0 r6V ^ 2^rad V l.Omin^ 


a = 


co- co 0 _ ^ min J 


1 rev 


60s 


■0 


= 1 .454 x 1 0 4 rad/ s 2 ~ 1.5xl0 4 rad/ : 


t 720 s 

( b ) After 7.0 min (420 s), the angular speed is as follows. 

co = co 0 + at = 0 + (l .454 x 1 0“ 4 rad/s 2 ) (420 s) = 6. 1 07 x 1 0~ 2 rad/s 

Find the components of the acceleration of a point on the outer skin from the angular speed and 
the radius. 


a tan = aR = (1.454x10^ rad/s 2 ) (4.25m) = 6.2xl0~ 4 m/ 


a rad = nr R = (6.107x10 2 rad/s) (4.25m) = 1.6x10 2 m/ 


14. The tangential speed of the turntable must be equal to the tangential speed of the roller, if there is no 
slippage. 


0 ) l R x = cojl, 


cojco , = R 2 /R t 


15. (a) The direction of Of is along the axle of the wheel, to the left. That is the -i direction. The 

direction of co 2 is also along its axis of rotation, so it is straight up. That is the +k direction. 

That is also the angular velocity of the axis of the wheel. 

( b ) At the instant shown in the textbook, we have the vector relationship 
as shown in the diagram. 

>= sjco^ + of = \J(44.0 rad/s) 2 + (35.0rad/s)‘ = 56.2 rad/s 
35.0 


co- 


n _i co, 

9 = tan — ^ = tan 
co ' 


44.0 


38. 5 C 



dO) 


(c) Angular acceleration is given by a = — . Since to = to, + (5,, and to 2 is a constant 

dt 

35.0k rad/s, a = oi is rotating counterclockwise about the z axis with the angular 

dt 

velocity of 0 ) 2 , and so if the figure is at t - 0, then d) ] = of (- cos co 2 ti - sin cod j) • 

_ deb d(w.+w,) rfw, d [" co x (-cos coji - sin coS])\ , . 

" - — - — - — 5 — - — L - — 1 = = cofo, (sin co 2 ti - cos co 2 t\) 


dt 


dt 


dt 


dt 


a(t = 0) = co t co 2 (-j) = -(44.0rad/s)(35.0rad/s) j = -1540rad/s 2 j 


16. (a) For constant angular acceleration: 
a = 


CO — co o 1200 rev/min - 3500 rev/min -2300rev/min 

( 2 n rad N 

4 1 min ' 

t 2.5 s 2.5s 

v 1 rev , 

v 60 s j 


= -96.34 rad/s 2 « -96 rad / 
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( b ) For the angular displacement, given constant angular acceleration: 

9 = \{co o + co)t = y(3500rev/min + 1200rev/min) (2.5 s) — 1 = 98rev 

V 60 s j 


17. The angular displacement can be found from Eq. 10-9d. 

9 = cot = j(co o + 0 ))t = I (0 + 15000 rev/ min) (220s)(lmin/60s) = 2.8 x IQ 4 rev 


18. (a) The angular acceleration can be found from Eq. 10-9b with co n = 0. 

29 2(20rev) 

(X — — = — — 

r (l.Omin)" 

(b) The final angular speed can be found from 0 = \ ( a) + co)t, with CO o = 0. 

29 2(20 rev) 

10 = co = — - 

t ° 1.0 min 

19. (a) The angular acceleration can be found from Eq. 10-9c. 

CO 2 - of 0 - (850rev/min)‘ ( rev V 2n rad V 1 min V rad 

29 2(l350 rev) V min 7v 1 rev A 60s ) % 

(b) The time to come to a stop can be found from 9 = \ (a> o + co) t. 

60s 
1 min 



29 _2(l350rev) 

co + co 850rev/min 

o / 




20. We start with a = . We also assume that a is constant, that the angular speed at time t = 0 is 

dt 

co 0 , and that the angular displacement at time t = 0 is 0. 


dco 

a = — — > dco = adt 
dt 


| d co = | adt — > co - 


co 0 = at 


co = 01 , + at 


co = co„ + at = 


d 9 = (co 0 + at) dt — > ^d9 = | (<w 0 + at)dt 


9 = a) 0 t + \ar 


21. Since there is no slipping between the wheels, the tangential component of the linear acceleration of 
each wheel must be the same. 


(«) a .a„ = a « 


small large 


^large ^small 


^small^small ^large^large 


(7.2rad/s 2 )f ^ Cm | = 0.6857rad/s 2 = 0.69rad/s 2 
r. v / V21.0cmy 

large v ' 


( b ) Assume the pottery wheel starts from rest. Convert the speed to an angular speed, and 
then use Eq. 10-9a. 

( rev V 2 n rad f 1 min ^ , , 

co= 65 = 6.807 rad/s 

V min 1 rev ) v 60 s ) 

co-co,, 6.807 rad/s r~ ~ 

co — co,. + at t.= °- = = 9.9 s 

a 0.6857 rad/s‘ 
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22. We are given that 6 = 8.5t - 15. Or + 1.6t 4 . 


, , de 

(a) co = —— — 
dt 


1.5 - 30. Of + 6 At 


(b) a = 


dco 

dt 


-30.0 + 19. 2r 


where (O is in rad/sec and t is in sec. 
where a is in rad/ sec 2 and t is in sec. 


(c) ®(3.0) = 8.5-30.0(3.0) + 6.4(3.0) = [91rad/s 
a(3.0) = -30.0 + 19.2(3.0) 2 = |l40rad/s 


(d) The average angular velocity is the angular displacement divided by the elapsed time. 
A 6 _ 0(3.0) -0(2.0) 


co - 

avg At 


3.0s - 2.0s 


8.5 (3.0) - 15.0 (3.0) 2 + 1.6 (3. 0) 4 - 8.5(2.0) - 15.0(2.0) 2 + 1.6(2.0) 4 


1.0s 


38rad/s 


( e ) The average angular acceleration is the change in angular velocity divided by the elapsed time. 
A co _ co (3.0) - co (2.0) 


a = 

avg At 


3. Os-2. 0s 
5 - 30.0 (3.0) + 6.4 (3. 0) 3 


.5- 30.0(2.0) + 6.4(2.0) 3 


1.0s 


92 rad / s 


23. (a) The angular velocity is found by integrating the angular acceleration function. 

L O t t 

| d co = | adt = | (5 .Or - 8 ,5t) dt - 


dco 

a = — — > dco = adt 
dt 


co = \5.0d -f8.5t 


( b ) The angular position is found by integrating the angular velocity function. 


dd , 

co = — — > dO = codt 
dt 


j dd = | codt = I (|5.0t 3 - y8.5 t^dt 


9 = -jV5.0t 4 -}8.5t 3 

12 0 


(c) <y(2.0s) = j5.0(2.0) - j8.5 (2.0)" = -3.7 rad/s « -4 rad/s 
0(2. 0s) = 1 L5.0(2.0) 4 -f8.5(2.0) 3 = -4.67 rad -I -5 rad 


24. (a) The maximum torque will be exerted by the force of her weight, pushing tangential to the circle 
in which the pedal moves. 

t = r L F = r ± mg = (0. 17 m) (62kg) (9. 80 m/s 2 ) = 

(. b ) She could exert more torque by pushing down harder with her legs, raising her center of mass. 
She could also pull upwards on the handle bars as she pedals, which will increase the downward 
force of her legs. 


l.OxlO 2 m*N 
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25. Each force is oriented so that it is perpendicular to its lever arm. Call counterclockwise torques 
positive. The torque due to the three applied forces is given by the following. 

=(28 N) (0.24 m) -(18 N)(0.24 m)-(35 N)(0.12 m) = -1.8 m-N 


v applied 
forces 


Since this torque is clockwise, we assume the wheel is rotating clockwise, and so the frictional 
torque is counterclockwise. Thus the net torque is as follows. 

r net =(28 N)(0.24 m)-(l8 N)(0.24 m)-(35 N)(0.12 m) + 0.40m-N = -1.4 m-N 


1 .4 m-N , clockwise 


26. The torque is calculated by r = rFsinO. See the diagram, from the top view. 
(a) For the first case, 9 = 90°. 

T = rF sin 9 = (0.96 m) (32 N) sin 90° = ] 

(. b ) For the second case, 9 = 60.0°. 


31 m-N 


T = rF sin 9 = (0.96 m) (32 N) sin 60.0° = 


27 m-N 



27. There is a counterclockwise torque due to the force of gravity on the left block, and a clockwise 
torque due to the force of gravity on the right block. Call clockwise the positive direction. 


^ t - mg£ 2 - mg£ l = mg (/,-/,) , clockwise 


28. The lever arm to the point of application of the force is along the x axis. Thus the perpendicular part 
of the force is the y component. Use Eq. 10- 10b. 

T = RF l = (0.135m)(43.4N) = 5.86m-N, counterclockwise 


29. The force required to produce the torque can be found from x - rF sin 9. The force is applied 
perpendicularly to the wrench, so 9 - 90°. 

„ X 75m-N 

F = — = 

r 0.28 m 


270 N 


The net torque still must be 75 m-N. This is produced by 6 forces, one at each of the 6 points. We 
assume that those forces are also perpendicular to their lever arms. 

X =(6 F )r -> F = - = 75m ‘ N 

ne ' V poiW point pomt 6r 6 (0.0075m) 


1700N 


30. For each torque, use Eq. 10-10c. Take counterclockwise torques to be positive. 
(a) Each force has a lever arm of 1 .0 m. 


v about 
C 


= - (l.Om) (56 N) sin 30° + (l.Om) (52 N) sin 60° = 17 m-N 


(b) The force at C has a lever arm of 1 .0 m, and the force at the top has a lever arm of 2.0 m. 


Ubout = -(2.0m)(56N)sin30° + (l.Om) (65N)sin45° = -10m-N (2 sig fig) 

P 

The negative sign indicates a clockwise torque. 


|31.| For a sphere rotating about an axis through its center, the moment of inertia is as follows. 

2 


/ = jMR 2 =f (10.8 kg) (0.648 m) = 1.81 kg-m 
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32. Since all of the significant mass is located at the same distance from the axis of rotation, the moment 
of inertia is given by / = MR 2 . 


I = MR 2 = (l.lkg)(y(0.67m))~ = 0.12kg-m 


The hub mass can be ignored because its distance from the axis of rotation is very small, and so it 
has a very small rotational inertia. 


33. (a) The torque exerted by the frictional force is T = rF fi sin 9. The force of 
friction is assumed to be tangential to the clay, and so 9 - 90°. 

Total = t'F fi sinO = (y(0.12m))(l.5 N)sin90° = 0.090m«N 


direction of 


(b) The time to stop is found from a>= co o + at, with a final angular 

velocity of 0. The angular acceleration can be found from r total = la. 

The net torque (and angular acceleration) is negative since the object is slowing. 
co-co o ( 0 -a> o 0- (l.6rev/s)(2^rad/rev) 

a ~ r/7 ” (-0.090 m-N)/(0. 11kg •m 2 ) 



t = ■ 


12s 


34. The oxygen molecule has a “dumbbell” geometry, rotating about the dashed line, as 
shown in the diagram. If the total mass is M, then each atom has a mass of Ml 2. If 
the distance between them is d, then the distance from the axis of rotation to each 
atom is d/2. Treat each atom as a particle for calculating the moment of inertia. 

T / 7 .r /~\ / 7 /~\2 /,,/^W 7 /~\2 


= 2(M/2)(tf/2) 2 = 

\Md 2 -> 

! )/(5.3xl0^ 26 kg) = 

1.2xl0~‘°m 


a 


o 


35. The torque can be calculated from r = la. The rotational inertia of a rod about its end is given by 
T = \ML 2 . 

, , A co , „ ,2 (2.7 rev/s) (2 tt rad/rev ) 

t = Ia = \ML = }(2.2 kg) (0.95 m) 4 '—LA L L 

At 0.20s 


56m*N 


36. (a) The moment of inertia of a cylinder is \ MR 2 . 


I = \MR 2 = y(0.380kg) (0.0850m) 2 = 1.373x10 3 kg«m 2 « |l.37xl0~ 3 kg«m 2 

(. b ) The wheel slows down “on its own” from 1500 rpm to rest in 55.0s. This is used to calculate 
the frictional torque. 

A a) / (0 - 1500rev/min) (2n rad/rev) (l min/60 s) 

r = la =/ = (l.373xl0 kg*m )- L — L — L 

At v ; 55.0 s 

= -3.921 x 10~ 3 m*N 

The net torque causing the angular acceleration is the applied torque plus the (negative) 
frictional torque. 


2 >= 


+ t= la — > r ,. , = Ia-T= I - 


A co 




At 

/, „„„ 3 t \ (l750 rev / min ) ( 2.tt rad/rev ) (l min/ 6 0 s ) , „ _ \ 

(1.373x10 3 kg.m-)4 ^--(-3.921x10 3 m»N) 

v ’ 5.00 s V ’ 


= 5.42 x 10 m*N 
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37. (a) The small ball can be treated as a particle for calculating its moment of inertia. 


/ = MR 2 = (0.650kg)(l.2m) 2 = 0.94 kg-m 


( b ) To keep a constant angular velocity, the net torque must be zero, and so the torque needed is the 
same magnitude as the torque caused by friction. 




Applied “ r fr - 0 


T, pp i,ed=7 f r=F fr r = (0.020N)(l.2m) = 


2.4x10 m.N 


38. (a) The torque gives angular acceleration to the ball only, since the arm is considered massless. 
The angular acceleration of the ball is found from the given tangential acceleration. 

t = la = MR 2 a = MR 2 ^ = MRa m = (3.6kg) (0.3 1 m) (7.0 m/s 2 ) 


= 7.812 m*N 


7.8 m*N 


( b ) The triceps muscle must produce the torque required, but with a lever arm of only 2.5 cm, 
perpendicular to the triceps muscle force. 


T = Fr , 


F = r/r L =7.812m.N/(2.5xl0" 2 m) 


310N 


39. (a) The angular acceleration can be found from the following. 

A co co v/r (8.5m/s)/(0.31m) „ „ , /2 r~ ~r 

- 1 ~ ± = 78.34 rad/s- - 78 rad/s 


a = 


A t 


0.35 s 


t t 

(b) The force required can be found from the torque, since r = Fr sin#. In this situation the force 
is perpendicular to the lever arm, and so 6 = 90°. The torque is also given by t = la, where / 
is the moment of inertia of the arm-ball combination. Equate the two expressions for the torque, 
and solve for the force. 

Fr sin 6 = la 


F = 


la 

r sin 0 




arm arm 


r sin 90° 


a 


(1.00 kg) (0.31m) 2 + y(3.7kg) (0.31 m) 2 , 

(0.025 m) 1 ’ 


670 N 


40. (a) To calculate the moment of inertia about the y axis (vertical), use the following. 

1 = Yj M , r I = m (0.50m) 2 + M (0.50m) 2 +m (1.00m) 2 +M(l.00m) 2 


( m + M ) (0.50m)~ + (1.00m)' = (5.3kg) (0.50m)‘ + (l.OOm)' = 6.6kg*m 


(. b ) To calculate the moment of inertia about the x-axis (horizontal), use the following. 


/ = TmR 2 = ( 2m + 2 M) (0.25 m)~ = 0.66 kg*m 


(c) Because of the larger / value, it is ten times harder to accelerate the array about 


the vertical axis . 


41. The torque required is equal to the angular acceleration times the moment of inertia. The angular 
acceleration is found using Eq. 10-9a. Use the moment of inertia of a solid cylinder. 
co = co u + at — > a - co 1 1 

\ i m-t\ 2 1 AAA 1 \ / rn r\ \ 2 , 


= Ia = (\MR;) 


co 


tj 


MRlco _ (31000 kg)(7.0m) (0.68rad/s) 


2 1 


2 (24s) 


2.2x10 in-N 
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42. The torque supplied is equal to the angular acceleration times the moment of inertia. The angular 
acceleration is found using Eq. 10-9b, with co 0 = 0. Use the moment of inertia of a sphere. 


9 = co 0 -\-f_at 2 


a = 


29 /, 2 \( 29^ 

T '■ r = ,a= ( fMr ")bu 


M = 


5 rt 1 _ 5(l0.8m-N) (15.0s) 2 
4 r 2 9 4 (0.36 m) 2 (360^ rad) 


21kg 


|43.| The applied force causes torque, which gives the pulley an angular acceleration. Since the applied 
force varies with time, so will the angular acceleration. The variable acceleration will be integrated 
to find the angular velocity. Finally, the speed of a point on the rim is the tangential velocity of the 
rim of the wheel. 


Z _ R n F T do) R n F T 

T = R,,F T = Ia — » a = = — — > dco= dt 

I dt I 

n 1 n ^ 

(0 = — = CO n + [ F dt = -*■ [ F dt -» 

R„ I { I { 


O) ( rj T-T 


v T = o)R 0 = — J F T dt = — | (3.00? - 0.20t 22 jdt = — [(f t 2 t 3 )N-s] 




(o.385kg«m 2 ) 


= 17.499m/s~ 17 m/s 


44. The torque needed is the moment of inertia of the system (merry-go-round and children) times the 
angular acceleration of the system. Let the subscript “mgr” represent the merry-go-round. 


T ~ 


= Ia = (l +/.,. ) — = Um R 2 + 2m.,,R 2 ) 

\ mgr children / \ 2 mgr child / ^ 


CO - O), 


= [K760kg) + 2(25kg)](2.5m) : 


( 1 5 rev/min ) ( 2 n rad /rev ) ( 1 min /60 s) 


10.0s 


= 422.1 5 m«N 


420 m*N 


The force needed is calculated from the torque and the radius. We are told that the force is directed 
perpendicularly to the radius. 

T = F L R sin 9 -> F ± =t/R = 422. 15 m«N /2.5 m = |l70N 


45. Each mass is treated as a point particle. The first mass is at the 
axis of rotation; the second mass is a distance / from the axis of 
rotation; the third mass is 2/ from the axis, and the fourth mass 
is 3/ from the axis. 




(a) I = Mf 2 +M(2/y+M(3/Y = [l4 Mj_ 


( b ) The torque to rotate the rod is the perpendicular component of force times the lever arm, and is 
also the moment of inertia times the angular acceleration. 

Ia 14 M£ 2 a 


r = la = Fj 


F,=- 


3/ 


Y M£a 
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(c) The force must be perpendicular to the rod connecting the masses, and perpendicular to the axis 
of rotation. An appropriate direction is shown in the diagram. 

46. (a) The free body diagrams are shown. Note that only the forces producing 
torque are shown on the pulley. There would also be a gravity force on 
the pulley (since it has mass) and a normal force from the pulley’s 
suspension, but they are not shown. 

(. b ) Write Newton’s second law for the two blocks, taking the positive x 
direction as shown in the free body diagrams. 
m. 


m „ 


Z F > = F ta ~ m A g sin d a = m A a -» 

F TA= m A{g Sin 0 A +a ) 

= (8.0kg)[(9.80m/s 2 )sin32° + 1.00 m/s 2 ] = 49.55N 
= 50 N (2 sig fig) 

Z F > = m nS sin d B ~ F tb = m B a -> 

F TB = m B{g sin 0 B~ a ) 

= ( 10.0kg) [(9.80 m/ s 2 ) sin 61° - 1.00 m/ s 2 ] = 75.71 N 



VCK n 



76 N 


(c) The net torque on the pulley is caused by the two tensions. We take clockwise torques as 
positive. 


= (F tb -F tb )R = (75.71N -49.55N) (0.15m) = 3.924m-N « |3.9m-N 


Use Newton’s second law to find the rotational inertia of the pulley. The tangential acceleration 
of the pulley’s rim is the same as the linear acceleration of the blocks, assuming that the string 
doesn’t slip. 

Y,T = Ia = I^- = (F JB -F TB )R 


R 


I = 


(F tb - F tb )R 2 _ (75.71 N - 49.55 N)(0. 15m) 2 


1.00 m/s 2 


0.59 kg*m 2 


47. (a) The moment of inertia of a thin rod, rotating about its end, is \ML . There are three blades to 
add together. 


/ tola i =3(^M/ 2 ) = M/ 2 =(l35kg)(3.75m) 2 = 1898kg»m 2 ^ |l.90x 10 3 kg.m 


(b) The torque required is the rotational inertia times the angular acceleration, assumed constant. 


^ Aotal & f t otal 


(O - CO, 


= (l898kg*m 2 ) 


(5.0rev/sec) {in rad/rev) 


8.0s 


7500 m*N 


48. The torque on the rotor will cause an angular acceleration given by a = r/7 . The torque and angular 
acceleration will have the opposite sign of the initial angular velocity because the rotor is being 
brought to rest. The rotational inertia is that of a solid cylinder. Substitute the expressions for 
angular acceleration and rotational inertia into the equation of = of + lad, and solve for the 
angular displacement. 
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co — co + lad — ^ 0 — 


co 2 - col 0 - co: 


-MR 2 co 2 


la 1 (t/I) l[z/\MR 2 ) A t 


■ (3.80 kg) (0.0710mf 10,300 


rev V In rad V lmin 


minyl lrev H 60s 


4(-1.20N*m) 


= 739 rev 


The time can be found from 9 = j- (co o + co)t. 

19 2(739rev) f 60s 


t = = i = 8.61s 

CO + CO 1 0, 300 rev/min l lmin J 


= 4643 rad 


In rad 


(a) Thin hoop, radius R 0 


I = Mk 2 = MR 2 -> k= R 0 


(. b ) Thin hoop, radius R 0 , width w I = Mk 2 = fMRf + - l -Mw 2 — > k = 


2 R o + n w2 


( c ) Solid cylinder 


/ = Mk 1 = \_MRf k = \J\R 0 


(d) Hollow cylinder 


/ =Mk 2 =\M\r} +rI\ -» k = 
1 1 


41 Rf + r: 


(e) Uniform sphere 


/ = Mk 2 — j;Mr 2 -> k = \Jj r 0 


if) Long rod, through center 


/ = Mk 2 = -jjM/ 2 -> ^ = L/ 1 L/ 


(g) Long rod, through end 

(h) Rectangular thin plate 


/ = Mk 2 = \M£ 2 -> k= 


I =Mk 2 =^M(/ 2 + w 2 ) ^4 = 


±(r- + w 2 ' 


50. The firing force of the rockets will create a net torque, but no net force. Since each rocket fires 
tangentially, each force has a lever arm equal to the radius of the satellite, and each force is 
perpendicular to the lever arm. Thus T net = AFR. This torque will cause an angular acceleration 

according to r = la, where I = 4 MR 1 + AmR 2 , combining a cylinder of mass M and radius R with 
4 point masses of mass m and lever arm R each. The angular acceleration can be found from the 
A co 

kinematics by a = . Equating the two expressions for the torque and substituting enables us to 

At 


solve for the force. 


AFR = Ia=(\M + Am)R 2 


-> F = 


(4 M + Am)RAco 


(4(3600kg) + 4 (250kg)) (4.0m) (32 rev/min) (2;r rad/rev) (l min/60 s) 

4(5.0min)(60s/ min) 


= 31.28N 
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51. We assume that m B > m A , and so m ]t will accelerate down, m A will 

accelerate up, and the pulley will accelerate clockwise. Call the direction of 
acceleration the positive direction for each object. The masses will have the 
same acceleration since they are connected by a cord. The rim of the pulley 
will have that same acceleration since the cord is making it rotate, and so 


a 


pulley 


= aj R. From the tree-body diagrams for each object, we have the 


= "hg + m A a 

F TB= m Bg~ m B a 


following. 

Z F yA = F ta - m AS = m A a -> 

'Z F yB= m Bg~ F TB= m B a 

Z ^ — F TB r — F TA f — ^ — I — 

K 

Substitute the expressions for the tensions into the torque equation, and solve for the acceleration. 

F TB R -F TA R = I^~ -» (m B g-m B a)R-(m A g + m A a)R = I — -> 

K K 



»' A g 



If the moment of inertia is ignored, then from the torque equation we see that F TB = F TA , and the 
I ( m — m i I 

acceleration will be 




g 


. We see that the acceleration with the moment of inertia 


included will be smaller than if the moment of inertia is ignored. 

52. (a) The free body diagram and analysis from problem 5 1 are applicable here, for the no-friction 
case. 

( m B -m A ) (m B -m A ) 


a = ■ 


( m A +m B + 1 / r 2 ) S ( m A +m B +\_ m ? r 2 /r 2 ) 6 (m A + m B + \ m ? ) 

(3.80kg -3.15kg) 


g = 


~g 


(3.80kg + 3.15kg + 0.40 kg) 


(9.80 m/s 2 ) = 0.8667 m/s 2 « |o.87m/s 


(. b ) With a frictional torque present, the torque equation from problem 5 1 would be modified, and 
the analysis proceeds as follows. 


Z T = F tb 7 ' - F TA r -T fi = Ia= I- -> ( m B g - m B a ) r - ( m A g + m A a )r — — I — 


(m B -m A )g 


m B + m A + — 

r J 


The acceleration can be found from the kinematical data and Eq. 2- 12a. 

v-v„ 0-0.20 m/s 


v = v 0 + at 


a = 


t 


6.2 s 


■[(m B -m A )g-( 
il d 

= -0.03226 m/ s 


m B + m A + 


\m v )a_ 


= r [(m B - m A ) g - (m B + m A + \m v ) a] 

= (0.040 m) [(0.65 kg) (9.80 m/s 2 ) -(7.35 kg) (-0.03226 m/s 2 )] = 


0.26 m«N 
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53. A top view diagram of the hammer is shown, just at the instant of release, 
along with the acceleration vectors. 


(«) 


The angular acceleration is found from Eq. 10-9c. 

(v/r) 2 


or = co: + 2aKd 


— » a = 


2 2 

CO -Q ) 0 


■0 


2A6> 


2A 0 


[(26.5m/s)/(l.20m)l" , , 

, K , — = 9.702 rad/s 2 

2(8^rad) 


9.70 rad/s 2 



( b ) The tangential acceleration is found from the angular acceleration and the radius. 

(c) 

(d) The net force is the mass times the net acceleration. It is in the same direction as the net 
acceleration. 


a tan = ar = (9.702 rad/s 2 )(l. 20 nr) = 1 1.64 m/s 2 ~ 1 1.6m/s 
The centripetal acceleration is found from the speed and the radius. 
a mA = v V r = (26.5nr/s)‘/(l.20 m) = 585.2 m/s 2 « 585nr/s 2 


Aan + ^ad = ( 7 - 30 k g) yj{ 1 1 -64 nr/s 2 )' + ( 5 85 .2 m/s 2 )' " 


F . = ma . = m- 


( e ) Find the angle from the two acceleration vectors. 


6 = tan 


= tan 


_! 11.64 m/s 2 
585.2 m/s 2 


1.14° 


4270 N 


54. (a) See the free body diagram for the falling rod. The axis of rotation would 
be coming out of the paper at the point of contact with the floor. There are 
contact forces between the rod and the table (the friction force and the 
normal force), but they act through the axis of rotation and so cause no 
torque. Thus only gravity causes torque. Write Newton’s second law for 
the rotation of the rod. Take counterclockwise to be the positive direction 
for rotational quantities. Thus in the diagram, the angle is positive, but the 
torque is negative. 

= la = -mg £ cos (p) = \m£ 2 — > 


dt 


3g , dco dcodth dco , 3e , , , 

cos tp = — = = — <p — > — cos 0 d 0 = -co dco — > 

2/ dt dtp dt dtp 2/ 


3 g , 3 g 2 

I costpdtp = -\ codco —> — (sin^- 1) = -\(o 


2 / 


2 / 




to = 



y(i- sin < 


( b ) The speed of the tip is the tangential speed of the tip, since the rod is rotating. At the tabletop, 

<p = 0. 


v = co£ = ^3g/(l - sin^) — > v(0) - ^3 g£ 


|55.| The parallel axis theorem is given in Eq. 10-17. The distance from the center of mass of the rod to 
the end of the rod is h = % /. 


I = I cu+ Mh 2 = ^M/ 2 + M (| /) 2 = (i + i)M/ 2 = 


;M£ 2 
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56. We can consider the door to be made of a large number of thin horizontal rods, 
each of length / = 1.0 m, and rotating about one end. Two such rods are shown 

in the diagram. The moment of inertia of one of these rods is where 

m j is the mass of a single rod. For a collection of identical rods, then, the 
moment of inertia would be / = V |m ; / 2 = \M£ 2 . The height of the door 

i 

does not enter into the calculation directly. 

/ = =^(l9.0kg)(l.0m) 2 = 


6.3kg»m 2 



57. (a) The parallel axis theorem (Eq. 10-17) is to be applied to each sphere. The distance from the 
center of mass of each sphere to the axis of rotation is h = 1 .5 r 0 . 

I to ^ = I C u+Mh 2 =\Mr:+M(\.5r 0 ) 2 =2.65Mrt -» / total = |5.3Mr 0 2 

sphere 

( b ) Treating each mass as a point mass, the point mass would be a distance of 1.5 r 0 from the axis of 
rotation. 


/ =2 

approx 


% error = 


M(l.5r 0 ) 

f 


= A.5Mr: 


I -I , 

approx exact 


* exact J 


( 100 ) = 


4.5Mr 0 2 - 5.3Mr 0 2 
53Mk 


( 100 ) = 


4.5 -5.3 
5.3 


( 100 ) 


-15% 


The negative sign means that the approximation is smaller than the exact value, by about 15%. 


58. (a) Treating the ball as a point mass, the moment of inertia about AB is I = 


MR: 


(. b ) The parallel axis theorem is given in Eq. 10-17. The distance from the center of mass of the 


ball to the axis of rotation is h = R () . 


I ~ I cm + Mh - 


1 Mr + MR 


( c ) % error = 


( I -/ > 

approx exact 

(100) = 

~mr 2 0 - I 

(f Mr 2 +MRl)] 

(100) - 

l ^ exact ) 

f Mr 2 +MR 2 0 

f Mr 2 + MR 2 


( 100 ) 


J+IKA)' 


(100) = - 


1 + f (1.0/0.090) 


(100) = -0.32295 = |-0.32 


The negative sign means that the approximation is smaller than the exact value, by about 0.32%. 


59. 


The 1.50-kg weight is treated as a point mass. The origin is placed at 
the center of the wheel, with the x direction to the right. Let A represent the 
wheel and B represent the weight. 

Y = m A x A + m s x B = (7.0kg)(0) + (l.50kg)(0.22m) 

CM 777 A + 777 B 8.50 kg 


= 3.88x10 m ■ 


0.039 m 
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(. b ) The moment of inertia of the wheel is found from the parallel axis 
theorem. 

I ^ wheel "^weight ^ wheel ^ wheel CM T ^ weight ("^weight Tai ) 

CM 

= \M , ,R 2 + M . .x 2 + M . (x . , — x r .. ) 

2 wheel wheel CM weight \ weight CM / 


- (7.0kg)(^(0.32m) 2 + (0.0388m) 2 ) + (1.50kg) (0.22m -0.0388m) 2 = | 0.42 kg' 


>»m 


60. We calculate the moment of inertia about one end, and then i 
use the parallel axis theorem to find the moment of inertia I 

about the center. Let the mass of the rod be M, and use Eq. * 
10-16. A small mass dM can be found as a small length dx 
times the mass per unit length of the rod. 

I = RMM = X 2 — dx = = \Mf- 

end J J £ 0 1 3 


/ 3 


dx 


-> 


I. ni = I C u+M^£) 2 I CM = / end - M (y/) 2 = jM/ 2 - jM£ 2 = 


ipMt 


|61.| (a) We choose coordinates so that the center of the plate is at the 

origin. Divide the plate up into differential rectangular elements, 
each with an area of dA = dxdy. The mass of an element is 


dm = 


f M ^ 

\£wj 


dxdy. The distance of that element from the axis of 


rotation is R = y Jx 2 + y 2 . Use Eq. 10-16 to calculate the 
moment of inertia. 

W/2 £12 -tr A j.r w 

Center = j ^ dM = j j (*’ + / ) — dx<fy = ~ J j (** + / ) dxdy 

-W/ 2-//2 



£w 
2 M 


£w " £w 


w 




w 

(. b ) For the axis of rotation parallel to the w dimension (so the rotation axis 
is in the y direction), we can consider the plate to be made of a large 
number of thin rods, each of length /, rotating about an axis through 

their center. The moment of inertia of one of these rods is , 

where m i is the mass of a single rod. For a collection of identical rods, 

then, the moment of inertia would be f = ; ^m£ 2 = 


j- 2 M£- 


/ p 

7 N 

V. 1 





t 




. A similar argument would 


give / = 


±Mvf 


. This illustrates the perpendicular axis theorem, Eq. 10-18, R = I x + 1 . 
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62. Work can be expressed in rotational quantities as W - t AO, and so power can be expressed in 


• , • • n W A8 

rotational quantities as P = — = T TO). 

At At 


P = zoo = (255 m-N) 


3750 


rev 


mm ) 


2k rad 
lrev 


1 min 
60s 


lhp 
746 W 


134hp 


63. The energy required to bring the rotor up to speed from rest is equal to the final rotational kinetic 
energy of the rotor. 


=j!co 2 = j (4.25x1 0 -2 kg*m 2 ) 


, rev 

^2^rad^ 

^1 min V 

- 2 


) 9750 




2.22 x 10 4 J 

' min 

V lrev , 

v 60s j 




64. To maintain a constant angular speed £tf steady will require a torque r molor to oppose the frictional 
torque. The power required by the motor is P = r motor <y stcady = -r friction <y teady . 


r, , = /<x. f = \MR~ 

friction friction 2 


f OX - co () ^ 


— > 


P , = 

motor 2 


f co Q - (O f ^ 


^ rady = K220kg)(5.5m) 2 


(3.8 rev/s) 


2k rad 
V rev 


16s 


■ = 1.186x10 W 


4 


= 1.186x 10 5 W 


lhp 
746 W 


= 158.9 hp= 160 hp 


65. The work required is the change in rotational kinetic energy. The initial angular velocity is 0. 
W = A K ot = i lax) - ± lap = j (i MR 2 ) (o) = \ (l 640 kg) ( 7.50 m) 


^2^rad^" 


V 8.00 s ) 


1.42 x 10 J 


66. Mechanical energy will be conserved. The rotation is about a 
fixed axis, so K tot = K mt = j I of . For gravitational potential 

energy, we can treat the object as if all of its mass were at its 
center of mass. Take the lowest point of the center of mass as the 
zero location for gravitational potential energy. 

E . . . . - E . — > U . . . . — K v . — ^ 

initial final initial final 


Mg j / (1 - cos 0) = =i(i ME 2 ) col 


— > 



— cos t?) 


OX 


— (l - COS#) 

/ v 7 


5 ^bottom ^^botloin ^ 


( 1 - cos 8) 


|67.| The only force doing work in this system is gravity, so mechanical energy is conserved. The initial 
state of the system is the configuration with m A on the ground and all objects at rest. The final state 
of the system has m B just reaching the ground, and all objects in motion. Call the zero level of 
gravitational potential energy to be the ground level. Both masses will have the same speed since 
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they are connected by the rope. Assuming that the rope does not slip on the 
pulley, the angular speed of the pulley is related to the speed of the masses 
by co=v/R. All objects have an initial speed of 0. 

E=E f -4 

i f 

2 w a v i + ± m B v i +\Jar+ m A gy u + m B gv 2i = \m A v) + \m B v) +\Iar f 


m B gh = \m A v 2 f +\m B v 2 f + \[\MR 2 ) 


y R d 


+ m A gy 1 / + m B gv 2f 

+ m A gh 



v f = 


2 ( 


Mu 


m 


)gh 


(m A +m B +\ M ) 


2 (38.0kg -35.0kg) (9.80m/s 2 ) (2.5m) , 


1.4 m/s 

(38.0 kg + 35.0 kg + (y) 3.1 kg) 


68. (a) The kinetic energy of the system is the kinetic energy of the two masses, since the rod is treated 
as massless. Let A represent the heavier mass, and B the lighter mass. 


(c) 


K 


= -Ka^a + 7 7 b®b = + 7«VbX = (>n A + m B ) 


= i(0.210m) 2 (5.60 rad/s) 2 (7.00kg) = 


4.84 J 


(. b ) The net force on each object produces centripetal motion, and so can be expressed as mrco . 


F a = m A r A co- A = (4.00 kg) (0.210 m) (5. 60 rad/s) = 
F b = m B r B eo 2 B = (3.00 kg) (0.210m) (5.60rad/s) 2 = 


26.3 N 


19.8N 


These forces are exerted by the rod. Since they are unequal, there would be a net horizontal 
force on the rod (and hence the axle) due to the masses. This horizontal force would have to be 
counteracted by the mounting for the rod and axle in order for the rod not to move horizontally. 
There is also a gravity force on each mass, balanced by a vertical force from the rod, so that 
there is no net vertical force on either mass. 

Take the 4.00 kg mass to be the origin of coordinates for determining the center of mass. 


rn A x A + m B x B 


(4.00 kg) (0) + (3.00 kg) (0.420m) 


= 0. 1 80 m from mass A 


m A + m B 


7.00 kg 

So the distance from mass A to the axis of rotation is now 0.180 m, and the distance from mass 
B to the axis of rotation is now 0.24 m. Re-do the above calculations with these values. 

K = + 2 I B® B = l m A r l CO l + 7»ViX =1 C ° 2 ( m A r l + «Vb ) 

= i(5.60rad/s) 2 [(4.00kg) (0.180m) 2 + (3.00 kg) (0.240m) 2 ] = 

F A = m A r A a> 2 A = (4.00 kg) (0.180m) (5.60rad/s) 2 = 

F b =m B r B co B = (3.00kg)(0.240m)(5.60rad/s) 2 =|22.6N 


4.74 J 


22.6N 


Note that the horizontal forces are now equal, and so there will be no horizontal force on the rod 
or axle. 


69. Since the lower end of the pole does not slip on the ground, the friction does no work, and so 

mechanical energy is conserved. The initial energy is the potential energy, treating all the mass as if 
it were at the CM. The final energy is rotational kinetic energy, for rotation about the point of 
contact with the ground. The linear velocity of the falling tip of the rod is its angular velocity 
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divided by the length. 

^intial = A,„al ^initial = ^frnal Wg/t = \ I Of -» tUg I,/ 2 = \{\mlj){v m J if -> 

v cnd = yflgL = ^3(9.80m/s 2 )(2.30 m) = 8.22 m/s 

70. Apply conservation of mechanical energy. Take the bottom of the incline to be the zero location for 
gravitational potential energy. The energy at the top of the incline is then all gravitational potential 
energy, and at the bottom of the incline, there is both rotational and translational kinetic energy. 
Since the cylinder rolls without slipping, the angular velocity is given by a>= v/R . 


2 



71. 


The total kinetic energy is the sum of the translational and rotational kinetic energies. Since the ball 
is rolling without slipping, the angular velocity is given by CO = v/R . The rotational inertia of a 

sphere about an axis through its center is / = jtnR 2 . 


1 2 

= f mv 


+ \ Ico ~ = > v + i\ mR ~ — = i; nnr 

K 


= 0.7 (7.3 kg) (3.7 m/s) 2 = 7.0xl0 1 J 


72. ( a ) For the daily rotation about its axis, treat the Earth as a uniform sphere, with an angular 
frequency of one revolution per day. 



( b ) For the yearly revolution about the Sun, treat the Earth as a particle, with an angular frequency 
of one revolution per year. 



kinetic energy due to the daily motion is about 10,000 times smaller than that due to the yearly 
motion. 


73] (a) 


Mechanical energy is conserved as the sphere rolls 
without slipping down the plane. Take the zero 
level of gravitational potential energy to the level of 
the center of mass of the sphere when it is on the 
level surface at the bottom of the plane. All of the 
energy is potential energy at the top, and all is 



kinetic energy (of both translation and rotation) at the bottom. 
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E mXia\ ^final 


^initial final 


£ u + K 

CM rc 


mgh = mg£ sin 6 = fmv* + \I(0. 


1 2 

— _L yyiM -U 

2 "" r bottom 1 2 * '^bottom 2 bottom 2 


HK) 


-J^fgh = ^/yg/sin<9 = Jy (9.80 m/s 2 )(l 0.0 m) sin 30.0° = 8.367 m/s 


5.37 m/s 


(b) 




^CM _ I "^bottom 


8.367 m/s 
0.254 m 




32.9 rad/s 




2 



( v 


l 2 »2\| 

V, 

bottom 





v ' \ 

V r o 

J 


(c) The translational speed at the bottom, and the ratio of kinetic energies, are both independent of 
the radius and the mass. The rotational speed at the bottom depends on the radius. 


74. (a) Since the center of mass of the spool is stationary, the net force must be 0. Thus the force on 


the thread must be equal to the weight of the spool and so F tlircad = Mg 


(. b ) By the work-energy theorem, the work done is the change in kinetic energy of the spool The 
spool has rotational kinetic energy. 


W = K {m ,-K^=\Ico 2 = I ( T MR 1 ) of = 


^ MR-co - 


75. Use conservation of mechanical energy to equate the energy at points 
A and B . Call the zero level for gravitational potential energy to be 
the lowest point on which the ball rolls. Since the ball rolls without 
slipping, co = v/ r 0 . 

E A =E B U A =U B +K Btin,l =U B +K BCM +K Brot 

mgR u = mgr Q + \mv\ + \Ia>l 



mgr 0 +\mvl + \[^mr 2 ) 


■\jfs{ R o ~ r o) 


'0 J 


76. (a) We work in the accelerating reference frame of the car. In the 
accelerating frame, we must add a fictitious force of magnitude 
Md to,;,, rei, ™ opposite direction to the acceleration of the train. This 

ground 

is discussed in detail in section 1 1-8 of the textbook. Since the ball is 
rolling without slipping, a = a ball rel / R . See the free-body diagram for 

train j 

the ball in the accelerating reference frame. Write Newton’s second law 
for the horizontal direction and for torques, with clockwise torques as 
positive. Combine these relationships to find a ballrel , the acceleration of 

train 

the ball in the accelerated frame. 


y 


x 
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2_, T = ~F f ;R = I OC = I 

I 


ball rel 
train 


R 


F = F, - Ma, - , = Ma. „ , 

x tr train rel ball rel 

ground train 


F fr = -f Ma baUKl 


- 7 Ma. .. . - Ma, . , = Ma, ,, . 

5 ball rel train rel ball rel 


ground 


^ ball rel 7 ^ train rel 

train ground 


And so as seen from inside the train, the ball is accelerating backwards. 
( b ) Use the relative acceleration relationship. 


a, I. i = a. n i + a„. , = -4a, . , + a„ . . = 4 a, . 

ball rel ball rel train rel 7 train rel train rel 7 train 


ground train ground ground ground 

And so as seen from outside the train, the ball is accelerating forwards, but with a smaller 
acceleration than the train. 


77. (a) Use conservation of mechanical energy. Call the zero level for 
gravitational potential energy to be the lowest point on which 
the pipe rolls. Since the pipe rolls without slipping, co = v/R. 
See the attached diagram. 


^initial ^final 


mgD sin# = \mv 


U .. , = K n , = K cm + K 

initial tinal CM rc 


bottom 2 ^ ^bottom 


= 7 mV bottom + 7 


4(/77iU) 


f 2 

bottom 

R 2 


= mv. 



- yj gD sin 9 = 9. 80 m/s 2 ) (5. 60m) sin 17. 5° = 4.06 m/s 


(b) The total kinetic energy at the base of the incline is the same as the initial potential energy, 
^fmai = U imli ai = mgDsmd = (0.545kg)(9.80m/s 2 )(5.60m)sinl7.5° = | 


5.99 J 


(c) The frictional force supplies the torque for the object to roll without slipping, and the frictional 
force has a maximum value. Since the object rolls without slipping, a = a/R. Use Newton’s 
second law for the directions parallel and perpendicular to the plane, and for the torque, to solve 
for the coefficient of friction. 


V T = F f R — la = mR 2 — - maR 

Z. * R 


F fi = ma 


Yj F i =F n ~ m g cos & 
=mgsmd-F fr = 


ma 


F n = mg cos 6 
— > F { - \ mg sin 6 


F < F 

fr static 


\mg sin 6 < juF = umg cos 0 


/r > 4 tan 9 


jU s = ytant? = | tan 17. 5° = |0. 158 


78. (a) While the ball is slipping, the acceleration of the center of mass is constant, and so constant 
acceleration relationships may be used. Use Eq. 2- 12b with results from Example 10-20. 


■x 0 = v 0 t + ±at =v 0 


r 2 v 0 ^ 

1 M k g 


+ 1 {-fkg) 


1 F k g 


12v 2 


49 M k g 
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(b) Again make use of the fact that the acceleration is constant. Once the final speed is reached, the 
angular velocity is given by co= v/r 0 . 


v = Vfl + at = v 0 + (~M k g) 


f 2v„ ^ 

V j 


7 v o 


: a) = 


f v oAo 


|79j (a) The total kinetic energy included the translational kinetic energy of the car’s total mass, and the 
rotational kinetic energy of the car’s wheels. The wheels can be treated as one cylinder. We 
assume the wheels are rolling without slipping, so that v CM = 0 ) j /? whccls . 

..2 

— ^"cm ^Sot — 7^ 7 tot V CM 7 7 wheels^ — T^toAcM 7 ( 7 ^wheels^wheels ) " 


= 7(^tot+7^whee>™=Hll70kg) 


(95km/h) 


7 1 m/s ^ 


3.6km/h 


R- 


= 4.074 xl0 5 J 


4.1x10 J 


K ... + K 


( b ) The fraction of kinetic energy in the tires and wheels is 


trans 

wheels 


^S-ot _ 2 "^wheels ^ 2 ^wheels V CM _ 2 


K 

wheels 47 wheels / ^CM 


( 2 ^wheels ) 


K. 


4-M. ,v r .. + \I . . txP 

2 tot CM 2 wheels 


2 (M m + s -^wheels ) V CM (-^tot 2 ^wheels ) 


210kg 
1170 kg 


0.18 


J 


(c) A free body diagram for the car is shown, with the frictional force of 
F fr at each wheel to cause the wheels to roll. A separate diagram of one 

wheel is also shown. Write Newton’s second law for the horizontal 
motion of the car as a whole, and the rotational motion of one wheel. _ i 

Take clockwise torques as positive. Since the wheels are rolling without 4F «ction j 
slipping, a CM = or/7? wheels . 

= 4F fr R = 7 whee,s a = yM whech R 


mg 


2 u CM 
wheels 


— » 


R 


F fr 8 ^wheels^CM 

Y F =F t - AF - M a 

x tow tr tot L 



— » 


F -4 UM 

tow \ 8 w 


F. 


1 ) - 

1500N 


= 1.282m/s 2 = 1.3 m/; 


(W.O.+ 7 ^wheels) (l 170kg) 

(d) If the rotational inertia were ignored, we would have the following. 


Y F = F = M 

x tow 

A a 


F. 


^ a cu 


M. 


1500N 

1100kg 


= 1.364 m/s 


n/ rM 1.364m/ s - 1.282m/ s 

% error = — — xlOO = - — - — xlOO = 

1.282 m/s 


6% 
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80. (a) 


(b) 


The friction force accelerates the center of mass of the wheel. If the 
wheel is spinning (and slipping) clockwise in the diagram, then the 
surface of the wheel that touches the ground is moving to the left, and 
the friction force is to the right or forward. It acts in the direction of 
motion of the velocity of the center of mass of the wheel. 

Write Newton’s second law for the x direction, the y direction, and the 
rotation. Take clockwise torques (about the center of mass) as positive. 

Y J F y =F t ,-Mg = 0 -» F n =Mg 


I F x =F 6 =Ma 
Y J T = -F r R = Ia 


— > Cl — 


F fr _ _ M,Mg 


M M 


— ^ cc — — 


F f R 

fr 


M 
2 Mg 


= M k g 



2 M k g 


\MR- 


MR R 

Both the acceleration and angular acceleration are constant, and so constant acceleration 
kinematics may be used to express the velocity and angular velocity. 

2 F k g t 


v = v Q + at = jU k gt 


o)= co 0 + at -co 0 - 


R 


Note that the velocity starts at 0 and increases, while the angular velocity starts at co 0 and 

decreases. Thus at some specific time T, the velocity and angular velocity will be CO = v/R . 
and the ball will roll without slipping. Solve for the value of T needed to make that true. 

2 M k g 


a) = v/R 


— > 


R 


~T - F k gT / F — > T- 


co 0 R 


2 M k g 


(c) 


Once the ball starts rolling without slipping, there is no more frictional sliding force, and so the 
velocity will remain constant. 

01 R 


= F k g F = M k g 


3/4 g 


\Rco 0 


81. (a) Use conservation of mechanical energy to 

equate the energy at point A to the energy at 
point C. Call the zero level for gravitational 
potential energy to be the lowest point on 
which the ball rolls. Since the ball rolls 
without slipping, co = v/ r 0 . All locations 
given for the ball are for its center of mass. 

E a =E c -> 

u a = u c + k c = u c + k c + k c 

CM rot 



mgR 0 = mg [/?„ - (R 0 - r 0 ) cos d] + \ mv \ + j Iof c 


= ™g [K ~ ( R 0 - r 0 ) C0S 0 ] + 2 mv l + ) -*T 

r o 


(b) Once the ball leaves the ramp, it will move as a projectile under the influence of gravity, and the 
constant acceleration equations may be used to find the distance. The initial location of the ball 
is given by x 0 = (R 0 - r 0 ) sin 45° and v 0 = R 0 - (i? 0 - r 0 ) cos 45°. The initial velocity of the ball 


v c = ^Yg K ~ r 0 ) cost? = Jy(9.80m/s 2 )(0.245m)cos45° = 1.557 m/s = 1.6m/s 
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is given by v 0r = v c cos45° and v 0 = v c sin45°. The ball lands when y = r 0 = 0.015m. Find 

the time of flight from the vertical motion, and then find D from the horizontal motion. Take 
the upward direction as positive for the vertical motion. 

y = To + V + 2 a{2 = R 0 ~( R 0 ~ r o) cos 45° + v c sin45°t -f gV -» 

4.90t 2 —1.101? — 0.07178 = 0 -» t = 0.277s, - 0.0528s 
We use the positive time. 

D = x = x u + v 0x t = (R 0 - r 0 ) sin 45° + v c cos 45°t 

= (0.245 m) sin 45° + (1.557 m/s) cos 45° (0.277 s) = 0.4782 m « 0.48 m 


82. Write the rotational version of Newton’s second law, with counterclockwise torques as positive. 
T,c = * N ** F = FJ -FR = I m ot cu = fM Rl a C u 
Newton’s second law for the translational motion, with left as the positive direction, gives the 
following. 

t = b = ma — > a = — 

net 

m 

If the sphere is rolling without slipping, we have a CM = a/ R. Combine these relationships to 
analyze the relationship between the torques. 

FJ = FR + 1 MR 1 a,., =FR + \MR 2 — = FR + yMaR = FR + yFR = FR 

N 5 CM 5 t-, 5 5 5 

K 



And since the torque due to the normal force is larger than the torque due to friction, the sphere has a 
counterclockwise angular acceleration, and thus the rotational velocity will decrease. 


83. Since the spool rolls without slipping, each point on the edge of the spool moves with a speed of 
v = rco = v CM relative to the center of the spool, where v CM is the speed of the center of the spool 

relative to the ground. Since the spool is moving to the right relative to the ground, and the top of 
the spool is moving to the right relative to the center of the spool, the top of the spool is moving with 
a speed of 2v CM relative to the ground. This is the speed of the rope, assuming it is unrolling 

without slipping and is at the outer edge of the spool. The speed of the rope is the same as the speed 
of the person, since the person is holding the rope. So the person is walking with a speed of twice 
that of the center of the spool. Thus if the person moves forward a distance /, in the same time the 

center of the spool, traveling with half the speed, moves forward a distance £/2 . The rope, to stay 
connected both to the person and to the spool, must therefore unwind by an amount //2 also. 


84. 


The linear speed is related to the angular velocity by v = toll , and the angular velocity (rad / sec) is 
related to the frequency (rev / sec) by Eq. 10-7, co = 2nf. Combine these relationships to find 
values for the frequency. 


v v 

co = 2nf — > f 

R 2nR 


2nR x 2^- (0.025 m) ^ 1 min 



1.25 m/s 
2n (0.058 m) 


60s 
1 min 
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(Y\ 


\U 


j 


85. (a) There are two forces on the yo-yo: gravity and string 

tension. If the top of the string is held fixed, then the tension 
does no work, and so mechanical energy is conserved. The 
initial gravitational potential energy is converted into 
rotational and translational kinetic energy. Since the yo-yo 
rolls without slipping at the point of contact of the string, the 
velocity of the CM is related to the angular velocity of the 
yo-yo by v CM = rco , where r is the radius of the inner hub. Let m be the mass of the inner hub, 

and M and R be the mass and radius of each outer disk. Calculate the rotational inertia of the 
yo-yo about its CM, and then use conservation of energy to find the linear speed of the CM. 
We take the 0 of gravitational potential energy to be at the bottom of its fall. 

I c M = \mr 2 + 2 (y MR 2 ) = \mr 2 + MR 2 

= y (5.0 xlO -3 kg) (5.0x10^ m) 2 + (5.0xl(T 2 kg)(3.75xl(r 2 m) 2 = 7.038 xl0 _5 kg.m 2 
= m + 2M = 5.0x1 0~ 3 kg + 2 (5.0x1 0~ 2 kg) = 0.105 kg 




^initial '^‘final 


™total S k = I^total V CM + 1 1 aM = T™. 


##*. v 2 + - — v 2 

2 total CM 2 2 CM 

r 


- 1 \m . + 

2 total 2 2 

r J 



W ,o,al Sh 


(0.105 kg)(9.80m/s 2 )(l.0m) 

_ 1 _ 1 
2 1 

( i / 

, m total ~ 2 

\ 

1 

)oi051- c ), (7038Xl0 " k8 "" !) " 


l r J 


2 

(U.iuo Kgj + 

(5.0xl0“ 3 m) 


- =0.8395 = 


0.84 m/s 


(b) Calculate the ratio K mt / K m . 


K 

rc 

K, 


K 


2 Am ^ 


1 ^CM 2 

2 2 ' CM 

r 


T 1 

^CM V CM 


^initial m tota i gk 

^ total gh 2 r 

^ total gh 

(7.038 x 10~ 5 kg.m 2 ) (0.8395 m/s) 2 
2(5.0xl0 _, m) 2 (0.105 kg)(9.8m/s 2 )(l.O m) 


= 0.96 = 


96% 


86. As discussed in the text, from the reference frame of the axle of the wheel, the points on the wheel 
are all moving with the same speed of v = rco, where v is the speed of the axle of the wheel relative 
to the ground. The top of the tire has a velocity of v to the right relative to the axle, so it has a 
velocity of 2v to the right relative to the ground. 

W pre , = v toprel + v centerrel = (v to the right) + (v to the right) = 2v to the right 

ground center ground 


ground 


top rel 


= 2v = 2 (\^ 0 + at) = 2 at = 2 ( 1.00 m/s 2 ) (2. 5 s) = 5.0 m/s 


87. Assume that the angular acceleration is uniform. Then the torque required to whirl the rock is the 
moment of inertia of the rock (treated as a particle) times the angular acceleration. 


T = la = ( mr 2 ) 


co - co n 


(0.50kg)(l.5m) 2 


5.0s 


85- 


rev 


mm ) 


2n rad 


V rev ) 


1 min 


y 60s j 


2.0 m*N 


That torque comes from the arm swinging the sling, and so comes from the arm muscles. 
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The torque is found from r = la. The angular acceleration can be found from co = co o + at , with an 
initial angular velocity of 0. The rotational inertia is that of a cylinder. 


t = la = | MR 


co-co 


= 0. 5(1.4 kg) (0. 20m) 


(1800 rev/s) (2;r rad/rev) 


6.0s 


53m*N 


89. (a) 


(b) 


The linear speed of the chain must be the same as it passes over both sprockets. The linear 
speed is related to the angular speed by v = coR , and so co r R r = co F R F . If the spacing of the 

teeth on the sprockets is a distance d, then the number of teeth on a sprocket times the spacing 
distance must give the circumference of the sprocket. 

, , „ Nd , N R d N F d 

Nd = 2nR and so R = . Thus (O r = a> F — > 

2n 2 71 2 71 

co R /co F = 52/13 = 4.0 


3l = Ejl 
n r 


(c) 


co R /a) F = 42/28 = 1.5 


90. The mass of a hydrogen atom is 1.01 atomic mass units. The atomic mass unit 
is 1.66 x 10~ 27 kg. Since the axis passes through the oxygen atom, it will have 
no rotational inertia. 

(a) If the axis is perpendicular to the plane of the molecule, then each 
hydrogen atom is a distance l from the axis of rotation. 

7 perp =2 mj 1 = 2(l.0l)(l.66xl0“ 27 kg)(0.96xl0“ 9 m) 2 


(b) 


3.1x10 42 kg*nV 


If the axis is in the plane of the molecule, bisecting the H-O-H bonds, 
each hydrogen atom is a distance of £ y - /sin# = (9.6xlO~ 10 m)sin52° 



= 7.564 x 10 10 m. Thus the moment of inertia is as follows. 
7 planc =2m H t\ =2(l.0l)(l.66xl0- 27 kg)(7.564xl0- lo m) 2 


1.9x10 45 kg* m 2 


91 


(a) 


The initial energy of the flywheel is used for two purposes - to give the car translational kinetic 
energy 20 times, and to replace the energy lost due to friction, from air resistance and from 
braking. The statement of the problem leads us to ignore any gravitational potential energy 
changes. 


W, = K. -> F Ax cos 180° =\M v 2 - K. . , 

tr final initial tr 2 car car tljwheel 

K n . , =F r Ax + fM v 2 

flywheel tr 2 car car 


= (450N) (3.5xl0 5 m) + (20)y(l 100 kg) 
= 1.652 x 10 s J == 1 1 .7 x 1 0 8 J 


(95 km/h) 


lm/s 
3.6 km/h 


7 . 


(b) K t 


flywheel 2 


Q) = 


\2KE 

2KE 

21 

(l.652xl0 8 j) 

L-i 

2200 rad/s 

1 I 

2 flywheel ^flywheel y 

y(240kg) (0.75m) 2 1 
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( c ) To find the time, use the relationship that power = 


work 

time 


where the work done by the motor 


will be equal to the kinetic energy of the flywheel. 


t 


( 1 .652 xl0 8 j) 


_W__ 

P (150 hp) (746 W/hp) 


= 1.476x10 s 


25 min 



92. (a) Assuming that there are no dissipative forces doing work, 

conservation of mechanical energy may be used to find the final 
height h of the hoop. Take the bottom of the incline to be the 
zero level of gravitational potential energy. We assume that the 
hoop is rolling without sliding, so that co=v/R. Relate the 
conditions at the bottom of the incline to the conditions at the top by conservation of energy. 
The hoop has both translational and rotational kinetic energy at the bottom, and the rotational 
inertia of the hoop is given by / = mR 2 . 

.^2 

^bottom = £,op -» 2 nn ’ 2 + 7 1 0jl = m S k 1™ + l mR 2 — = mgh 

K 

v 2 (3.3m/s) 2 

h = — = - = 1.1 1 1 m 

g 9.80m/s 

li 1.111m 

The distance along the plane is given by a = = = 4.293 m ■ 

sin 0 sinl5° 

( b ) The time can be found from the constant acceleration linear motion. 

,, 2 Ax 2(4.293 m) 

Ax = y(v + v o )t — > t = = — = 2.602 s 


4.3 m 


v + v 0 + 3.3 m/s 

This is the time to go up the plane. The time to come back down the plane is the same, and so 
the total time is 5.2 s 


93. 


The wheel is rolling about the point of contact with the step, and so 
all torques are to be taken about that point. As soon as the wheel is 
off the floor, there will be only two forces that can exert torques on 
the wheel - the pulling force and the force of gravity. There will 
not be a normal force of contact between the wheel and the floor 
once the wheel is off the floor, and any force on the wheel from the 
point of the step cannot exert a torque about that very point. 
Calculate the net torque on the wheel, with clockwise torques 
positive. The minimum force occurs when the net torque is 0. 

Y j r = F(R-h)-mg^R 2 -(R-h ) 2 =0 


F = 


MgJ- 


\R 2 -(R-h) 2 

Mg'JlRh - h 2 

R-h 

R-h 



94. Since frictional losses can be ignored, energy will be conserved for the marble. Define the 0 position 
of gravitational potential energy to be the bottom of the track, so that the bottom of the ball is 
initially a height h above the 0 position of gravitational potential energy. We also assume that the 
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marble is rolling without slipping, so CO = v/r , and that the marble is released from rest. The marble 
has both translational and rotational kinetic energy. 

(a) Since r <K R , the marble’s CM is very close to the surface of the track. While the marble is on 
the loop, we then approximate that its CM will be moving in a circle of radius R. When the 
marble is at the top of the loop, we approximate that its CM is a distance of 2 R above the 0 
position of gravitational potential energy. For the marble to just be on the verge of leaving the 
track means the normal force between the marble and the track is zero, and so the centripetal 
force at the top must be equal to the gravitational force on the marble. 


mv 


top of 
loop 


R 


■ = mg 


%„f =g R 

loop 


Use energy conservation to relate the release point to the point at the top of the loop. 


E , = E, . 

release top ot 

loop 


^ release release top of top of 

loop loop 


0 + mgh = \ -mv, 2 opof + y/< por + mg2R = + i(f m. 

oop loop loop 

+ 2mgR = -^mgR + 2 mgR = 2.1mgR — > 


top of 
loop 


)^- + 2mgR 


mgh = ^mv topof 


h = 2.7 R 


loop 


( b ) Since we are not to assume that r « R, then while the marble is on the loop portion of the 
track, it is moving in a circle of radius R-r, and when at the top of the loop, the bottom of the 
marble is a height of 2 (R - r ) above the 0 position of gravitational potential energy (see the 

diagram). For the marble to just be on the verge of leaving the track means the normal force 
between the marble and the track is zero, and so the centripetal force at the top must be equal to 
the gravitational force on the marble. 


mv 


top of 
loop 


R 


m § -» Top „f =g{ R ~ r ) 

loop 


Use energy conservation to equate the energy at the release point to 
the energy at the top of the loop. 


E , = E, , 

release top ot 

loop 


K . +U , -K f + U. , 

release release top ot top ot 

loop loop 



2R-2r 


0 + mgh = y»?v t 2 opof + y/< pof + mg2 (R - r) = ±mv 2 


loop 


loop 


top of 
loop 


top of 

+ \ ( f mr 2 ) + 2m g ( R - r ) 


mgh = - \mv 2 opof + 2mg (R - r) = ^ mg (R - r) + 2 mg (R - r) = 2.1mg (R - r) 


loop 


h = 2.7 (R~r) 


95. 


We calculate the moment of inertia about an axis through 
the geometric center of the rod. Select a differential d 

element of the rod of length dx, a distance x from the “ i ^ 

center of the rod. Because the mass density changes 


I dx 

I ■ 



uniformly from A 0 at x = / to 3/i 0 at x - \£ , the mass density function is A = 2 A 0 



1/ 
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The mass of the differential element is then dM = Adx = 2/L 


1 + — dx. Use Eq. 10-16 to calculate 

/. 


the moment of inertia. 


/ d = [ R 1 dM = f x 2 2A 0 f 1 + —1 dx - 2A 0 f 

Jn \ SJ J, 


tn C 3 A 

2 X 
x' + — 


-//2 ' 


/ 


dx = 2/L 


4 Y /2 

1 3 ^ 1 X 

^ J-rn 


iJ / 3 
6 AT 


96. A free body diagram for the ball while the stick is in contact is shown. 
Write Newton’s second law for the x direction, the y direction, and the 
rotation. Take clockwise torques (about the center of mass) as positive. 
^F y =F N -Mg = 0 -» F ti = Mg 


=F’-F {i = F-fi k F v =F-M k Mg = Ma a=^-fi k g 

y~V = F (h — r) + F fr r — F [h — r) + jU k Mgr = la — > 

F [h - r) + jiyMgr 
I 

The acceleration and angular acceleration are constant, and so constant acceleration kinematics may 
be used to find the velocity and angular velocity as functions of time. The object starts from rest. 



v cm =v 0 + at = 


F 




\M j 


t ; co = (o a + at = 


F (h — r'j + jU k Mgr 


I 


At a specific time t release , when the ball loses contact with the pushing stick, the ball is rolling 
without slipping, and so at that time co = v CM /r . Solve for the value of h needed to make that true. 


The moment of inertia is / = t Mr 2 . 


C0 = v cul r -> 


F(h-r) + /l k Mgr 


If F \ 
r\M y 


^release 


h=~ 

F 


F 

\M j 


■ jU k Mgr + Fr 


i ( F - Mk Mg) 
F 


|97.| Each wheel supports % of the weight of the car. For rolling without 

slipping, there will be static friction between the wheel and the pavement. 
So for the wheel to be on the verge of slipping, there must be an applied 
torque that is equal to the torque supplied by the static frictional force. We 
take counterclockwise torques to the right in the diagram. The bottom 
wheel would be moving to the left relative to the pavement if it started to 
slip, so the frictional force is to the right. See the free-body diagram. 

^"applied = ^.adc = RF f< = = R F j 



= j(0.33m)(0.65)(950kg)(9.80m/s 2 ) = 


5.0 x 10 m*N 


98. (a) If there is no friction, then conservation of mechanical energy can be used to find the speed of 
the block. We assume the cord unrolls from the cylinder without slipping, and so 
v biock = v cord = Yord^- ^ c ta ^ c the zero position of gravitational potential energy to be the 
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bottom of the motion of the block. Since the cylinder does not move vertically, we do not have 
to consider its gravitational potential energy. 


^initial ^final 


U ; . 


= K a _„, = + K 


cylinder 


mgh = fmv 2 +\ Icq 2 


mgDsinO = \mv 2 +y(yM/? 2 ) 


f 2 A 
' v ' 


V* 2 


v = 


2m gD sin 6 

|2 (3.0kg) (9.80 m/ s 2 )( 1.80 m) sin 27° / , 


1.6 m/s 

(m + fM) \ 

1 (19.5kg) - 1.570 m/., 


(b) 


The first printing of the textbook has /U = 0.055, while later printings 
will have n = 0.035. The results are fundamentally different in the 
two cases. Consider the free body diagrams for both the block and the 
cylinder. We make the following observations and assumptions. Note 
that for the block to move down the plane from rest, F T < mg. Also 
note that mg < 0. 1 Mg due to the difference in masses. Thus 



F t < OAMg. Accordingly, we will ignore F t when finding the net 

vertical and horizontal forces on the cylinder, knowing that we will make less than 
a 1 0% error. Instead of trying to assign a specific direction for the force of 
friction between the cylinder and the depression (F &2 ) , we show a torque in the 

counterclockwise direction (since the cylinder will rotate clockwise). Finally, we 
assume that F frl = ,Lih\ v = p Mg. 



Write Newton’s second law to analyze the linear motion of the block and the rotational motion 
of the cylinder, and solve for the acceleration of the block. We assume the cord unrolls without 
slipping. 

y, A - F N - mg cos 6 = 0 — > F N - mg cos 6 

'Y j F x = mg sin 6 - F T - F fi , = mg sin 6 - F r - jjtmg cos 6 = ma 

'Yj * = F t R - t It2 = F t R - ftF m R = F t R - juMgR = la - 1 — = y MRa — > 

R 

F r - ft Mg = y Ma 

Add the x equation to the torque equation. 

mg sin 6 -F 1 - jUmg cos 6 = ma ; F T - ft Mg = y Ma — > 


mg sin 6 - juMg - jumg cos 6 - ma + y Ma — » 


a = g- 


m (sin d - jU cos d) - juM 


If n = 0.055, a = g 


( m + y M) 

(3.0kg) (sin 27° - 0.055cos27°) - (0.055) (33kg) 


(19.5kg) 


= -0.302 m/s 2 . But the 


object cannot accelerate UP the plane from rest. So the conclusion is that object will not move 
with ju = 0.055. The small block is not heavy enough to move itself, rotate the cylinder, and 
overcome friction. 


If n = 0.035, 


a = g 


(3.0kg) (sin 27° - 0.035cos27°) - (0.035) (33kg) 
(19.5kg) 


0.057 m/s 2 . 
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99. (a) 


(b) 


100. (a) 

(b) 

(c) 


Use Eq. 2-12c to find the speed after moving 1.80 m. 

J 2 (0.057 m/ s 2 ) (l.80m) = |o.45m/s 


v 2 = v 2 + 2aAx — > v = 


See the free body diagram. Take clockwise torques as positive. Write 
Newton’s second law for the rotational motion. The angular acceleration is 
constant, and so constant acceleration relationships can be used. We also 

As 

use the definition of radian angles, Ad = — . 

R 

'YjT = FR - r fr = Ia x ; A6* = co 0 t l + ; Ay = RAG { 

Combine the relationships to find the length unrolled. Ay . 

As 1 =RAe,=R(^) = ^-(FR-Tj 



(0.076m)(l.3s) 2 


-[(2.5N) (0.076m) - (0.1 lm-N)] = 1.557m 


1.6m 


2(3.3xl0‘ 3 kg-m 2 ) 

Now the external force is removed, but the frictional torque is still present. The analysis is very 
similar to that in part (a), except that the initial angular velocity is needed. That angular 
velocity is the final angular velocity from the motion in part (a). 


co { = co 0 + a { t { = 


AH ~ T . 


t, = 


[(2.5N) (0.076m) - (0.1 lm-N)] 
(3.3xl0“ 3 kg-m 2 ) 


(1.3s) = 31.515rad/s 


'YjT = -r fr = Ia 2 ; co\ - co\ = 2a 2 A6 , = -of x ; Ay = RA6 2 
Combine the relationships to find the length unrolled. Ay . 


As 2 = RA0 2 =R 



= R 

( -fy 2 /^ 

j (0.076 m) (3 1.5 15 rad/s) 2 1 

(3. 3x10 3 kg-m 2 ) 

v 2c%2 J 

l -2r, J 

1 2 (0.1 lm-N) 


= 1.13m = 1.1m 


The disk starts from rest, and so the velocity of the center of mass is in the direction of the net 


force: v = v„ + a t 


v = F net — . Thus the center of mass moves |to the right] . 


m 


For the linear motion of the center of mass, we may apply constant acceleration equations, 

where the acceleration is — . 

m 


v~ = v, 2 + 2aAx 


v-.2 — Ax - 2— — (5.5 m) = 4.282 m/s ~ 4.3 m/s 

V m V (21.0kg) 


The only torque is a constant torque caused by the constant string tension. That can be used to 
find the angular velocity. 


r = la - I 


co -co, 


V t J 


IC0 ,7 

= = hr 

t 


CO = 


Frt Frt 2 Ft 


I 


! mr 2 mr 


The time can be found from the center of mass motion under constant acceleration. 

^ t — 


F 


Ax = V Q t + y Clt~ = y — t 
" m 


2 m Ax 


F 
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(0 = 


2 Ft 


mr 



2 m Ax 
F 


\2FAx 


m 


(2(35.0N)(5.5m) 


(0.850m) V (21.0kg) 


= 10.07 rad/s = 10 rad/s (2 sig fig) 


Note that v + cor since the disk is NOT rolling without slipping. 

(i d) The amount of string that has unwrapped is related to the angle through which the disk has 
turned, by the definition of radian measure, s = rAd. The angular displacement is found from 
constant acceleration relationships. 

_ , 2 m Ax 

^ 2Ft\ 


Ad = \{co Q + co)t = y cot = j 


2 Ax 

s = rAd = r = 2 Ax = 


t = 


Fr 


F- 


F 


2 Ax 


V mr J 


mr 


mr 


11m 


101. (a) We assume that the front wheel is barely lifted off the ground, so 

that the only forces that act on the system are the normal force on the 
bike’s rear wheel, the static frictional force on the bike’s wheel, and 
the total weight of the system. We assume that the upward 
acceleration is zero and the angular acceleration about the center of 
mass is also zero. Write Newton’s second law for the x direction, the y 
direction, and rotation. Take positive torques to be clockwise. 

Y J F y =F N -Mg = 0 F k = Mg 


H F X = F tr = Ma 


a = 


M 


2>cm =F n*- 


■ F < r y = 0 

Combine these equations to solve for the acceleration. 


F n x - F fr y = 0 — > Mgx = May — > a - 


y 


g 



( b ) Based on the form of the solution for the acceleration, a = — g, to minimize the acceleration 

y 


x should be as small as possible 

and 

y should be as large as possible 

upwards and towards the rear of the bicycle. 



(c) a - —g = 0'-^ m (9 gOm/s 2 ) = 3.6m/s 2 
y 0.95m V ’ — 


102. We follow the hint given in the problem. The mass of the cutout piece is proportional by area to the 
mass of the entire piece. 


/. . =\mr: =1 

total 2 0 remainder cutout 


I , , - \m . R: +m , h : m 

cutout 2 cutout 1 cutout 7 Cl 


I . . = \MR - 1 t f 

remainder 2 U cutout 

- 

xR K 


R z 

- \MR: ~{\m , X + m , t h 2 ) = \MR 2 n - M +h 2 ) 

2 0 \ 2 cutout 1 cutout / 2 0 0 2\21 / 

2V a 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

336 









Chapter 10 


Rotational Motion 



103. Since there is no friction at the table, there are no horizontal forces on the rod, and so the center of 
mass will fall straight down. The moment of inertia of the rod about its center of mass is . 

Since there are no dissipative forces, energy will be conserved during the fall. Take the zero level of 
gravitational potential energy to be at the tabletop. The angular velocity and the center of mass 

velocity are related by co cu = V<:M . 

\2*- ) 


^initial ^llnal 


Mg{\f) = \Mvl 


+ 2 /(0 CM 


M g{^)=^ MV CU + 2 


(tVM/ 2 ) 




104. (a) The acceleration is found in Example 10-19 to be a constant value, a - fg, and so constant 
acceleration kinematics can be used. Take downward to be the positive direction. 


k = v vo + 2a Ay 


V = J2aAy = J2f gh = \J±gh 


(b) We take the zero level for gravitational potential energy to be the starting height of the yo-yo. 
Then the final gravitational potential energy is negative. 


^initial ^final 


0 - U fm al + = —Mgh + \Mv 2 cm + y Iof a 


Mgh = \Mv 2 CM +\(\MR 2 ) ^ 

v R 


= wU h 


105. From the diagram, we see that the torque about the support A 
is as follows. 

t = R l F = (/,cos 6 + £ 2 )F 
= [(0.300 m) cos 6 + 0.200 m] (500 N ) 

The graph of torque as a function of angle is shown. 





The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH10.XLS,” on tab “Problem 10.105.” 
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106. From problem 51, the acceleration is as follows. 


a = ■ 


( 


m D 


-™a) 


(m A + m B +l/R 2 ) (o.500kg + //(0.040 m) 2 ) 


(0.200 kg) 


(9.80 m/s 2 ) 


(a) The graph is shown here. The 
spreadsheet used for this 
problem can be found on the 
Media Manager, with 
filename 

“PSE4_ISM_CH10.XLS,” on 
tab “Problem 10.106a.” 

( b ) The value of the acceleration 
with a zero moment of inertia 
is found as follows. 

(0.200 kg) 


a = ■ 


(0.500 kg) 


(9.80m/s 2 ) 


3.92 m/s 



(c) A 2.0% decrease in the acceleration means the acceleration is as follows. 

a = 3.92 m/s 2 (0.98) = 3.84 m/s 2 . Looking at the graph, that would occur roughly for a 


moment of inertia of 


1.6x10 5 kg*m 2 


(d) Using the value above gives the following pulley mass. 

21 


I = j mr =1.6x10 kg* nT 


m = ■ 


Rr 


= 2 


^1.6x10 5 kg*m 2 A 


(0.040 m) 2 


= 0.020 kg = 20 grams 
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CHAPTER 11: Angular Momentum; General Rotation 
Responses to Questions 

[T] (a) With more people at the equator, more mass would be farther from the axis of rotation, and the 

moment of inertia of the Earth would increase. Due to conservation of angular momentum, the 
Earth’s angular velocity would decrease. The length of the day would increase. 

2. No. Once the diver is in the air, there will be no net torque on her and therefore angular momentum 
will be conserved. If she leaves the board with no initial rotation, her initial angular momentum will 
be zero. Conservation of angular momentum requires that her final angular momentum will also be 
zero, so she will not be able to do a somersault. 

3. Your angular velocity will stay the same. The angular momentum of the system of you and the stool 
and the masses is conserved. The masses carry off their angular momentum (until they hit 
something); you and the stool continue to rotate as before. 

4. Once the motorcycle leaves the ground, there is no net torque on it and angular momentum must be 
conserved. If the throttle is on, the rear wheel will spin faster as it leaves the ground because there is 
no torque from the ground acting on it. The front of the motorcycle must rise up, or rotate in the 
direction opposite the rear wheel, in order to conserve angular momentum. 

5. As you walk toward the center, the moment of inertia of the system of you + the turntable will 
decrease. No external torque is acting on the system, so angular momentum must be conserved, and 
the angular speed of the turntable will increase. 

6. When the player is in the air, there is no net torque on him so his total angular momentum must be 
conserved. If his upper body rotates one direction, his lower body will rotate the other direction to 
conserve angular momentum. 

f7] The cross product remains the same. V) x V 2 = (- V) ) x (- V 2 ) 

8. The cross product of the two vectors will be zero if the magnitude of either vector is zero or if the 
vectors are parallel or anti-parallel to each other. 

9. The torque about the CM, which is the cross product between r and F, depends on x and z, but not on 

y- 

10. The angular momentum will remain constant. If the particle is moving in a straight line at constant 
speed, there is no net torque acting on it and therefore its angular momentum must be conserved. 

1 1 . No. If two equal and opposite forces act on an object, the net force will be zero. If the forces are not 
co-linear, the two forces will produce a torque. No. If an unbalanced force acts through the axis of 
rotation, there will be a net force on the object, but no net torque. 

12. At the forward peak of the swinging motion, the child leans forward, increasing the gravitational 
torque about the axis of rotation by moving her center of mass forward. This increases the angular 
momentum of the system. At the back peak of the swinging motion, the child leans backward, 
increasing the gravitational torque about the axis of rotation by moving her center of mass backward. 
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13 


14 . 


15 . 


16 . 


17 . 

18 . 


19 


20 . 

21 . 

22 . 


This again increases the angular momentum of the system. As the angular momentum of the system 
increases, the swing goes higher. 

A force directed to the left will produce a torque that will cause the axis of the rotating wheel to 
move directly upward. 

In both cases, angular momentum must be conserved. Assuming that the astronaut starts with zero 
angular momentum, she must move her limbs so that her total angular momentum remains zero. The 
angular momentum of her limbs must be opposite the angular momentum of the rest of her body. 

( a ) In order to turn her body upside down, the astronaut could hold her arms straight out from her 
sides and rotate them from the shoulder in vertical circles. If she rotates them forward, her body 
will rotate backwards. 

( b ) To turn her body about-face, she could hold her arms straight out from her sides and then pull 
one across the front of her body while she pulls the other behind her back. If she moves her 
arms counterclockwise, her body will twist clockwise. 

Once the helicopter has left the ground, no external torques act on it and angular momentum must be 
conserved. If there were only one propeller, then when the angular velocity of the propeller changed, 
the body of the helicopter would begin to rotate in a direction so as to conserve angular momentum. 
The second propeller can be in the same plane as the first, but spinning in the opposite direction, or 
perpendicular to the plane of the first. Either case will stabilize the helicopter. 

The rotational speed of the wheel will not change. Angular momentum of the entire system is 
conserved, since no net torque operates on the wheel. The small parts of the wheel that fly off will 
carry angular momentum with them. The remaining wheel will have a lower angular momentum and 
a lower rotational kinetic energy since it will have the same angular velocity but a smaller mass, and 
therefore a smaller moment of inertia. The kinetic energy of the total system is not conserved. 

(a) Displacement, velocity, acceleration, and momentum are independent of the choice of origin. 

( b ) Displacement, acceleration, and torque are independent of the velocity of the coordinate system. 

Turning the steering wheel changes the axis of rotation of the tires, and makes the car turn. The 
torque is supplied by the friction between the tires and the pavement. (Notice that if the road is 
slippery or the tire tread is worn, the car will not be able to make a sharp turn.) 

The Sun will pull on the bulge closer to it more than it pulls on the opposite bulge, due to the 
inverse-square law of gravity. These forces, and those from the Moon, create a torque which causes 
the precession of the axis of rotation of the Earth. The precession is about an axis perpendicular to 
the plane of the orbit. During the equinox, no torque exists, since the forces on the bulges lie along a 
line. 

Because of the rotation of the Earth, the plumb bob will be slightly deflected by the Coriolis force, 
which is a “pseudoforce.” 

Newton’s third law is not valid in a rotating reference frame, since there is no reaction to the 
pseudoforce. 

In the Northern Hemisphere, the shots would be deflected to the right, with respect to the surface of 
the Earth, due to the Coriolis effect. In the Southern Hemisphere, the deflection of the shots would 
be to the left. The gunners had experience in the Northern Hemisphere and so miscalculated the 
necessary launch direction. 
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Solutions to Problems 


[l] The angular momentum is given by Eq. 11-1. 


L = 1(0 = MR 2 co= (0.210kg) (1.35m) 2 (10.4 rad/s) = 3.98kg.m 2 /s 

(a) The angular momentum is given by Eq. 11-1. 

L = Ico = \MR 2 q) = y (2. 8 kg) (0.18 m) 2 


Y 1300 rev ^ 

^ 2 n rad A 

^ 1 min ) 

V 1 min y 

v 1 rev y 

v 60 s J _ 


= 6.175kg*m 2 /s = 6.2kg*m 2 /: 


( b ) The torque required is the change in angular momentum per unit time. The final angular 
momentum is zero. 


T = • 


L-L 0 0-6.175kg*m 2 /s 


At 


6.0 s 


-l.Om.N 


The negative sign indicates that the torque is used to oppose the initial angular momentum. 

3. (a) Consider the person and platform a system for angular momentum analysis. Since the force and 

torque to raise and/or lower the arms is internal to the system, the raising or lowering of the 

arms will cause no change in the total angular mome ntum of the system. However, the 

rotational inertia increases when the arms are raised. Since angular momentum is conserved, an 


[increase in rotational inertia must be accompanied by a decrease in angular velocity.) 


(. b ) L.=L -» Ico. = Ico -> / = I = L °' 9Q rCV / S = 1 .286 1 « 1 .3 / 

* 7 ' ' f f f 'co' 0.70rev/s 


The rotational inertia has increased by a factor of [L3 


4. The skater’s angular momentum is constant, since no external torques are applied to her. 
L = L, 


I CO = I , .CO, 
' ' / / 


I = 7. — = (4.6 kg«m 2 ) 1 - Qrev / 1 -^ S 
co, y 7 2.5 rev/s 


f 


1.2 kg*m‘ 


■7 


She accomplishes this by starting with her arms extended (initial angular velocity) and then 


pulling her arms in to the center of her body (final angular velocity) 


5. There is no net torque on the diver because the only external force (gravity) passes through the center 
of mass of the diver. Thus the angular momentum of the diver is conserved. Subscript 1 refers to 
the tuck position, and subscript 2 refers to the straight position. 

/, 


L, =U 


I x CO\ = I 2 co 2 


co^ = co, — = 

h 


f 2 rev ) 

f 1 ) 






0.38 rev/s 

V 1 .5 sec y 

13.5 J 




The angular momentum is the total moment of inertia times the angular velocity. 
L = Ico = I 


±M£ 2 +2m(±/) 2 ~\co= {±M + \m)£ 2 co 


[ 7 ] (a) For the daily rotation about its axis, treat the Earth as a uniform sphere, with an angular 

frequency of one revolution per day. 

L , , = Ico , .. = (4 MR: . ) co, 

daily daily \ 5 Earth ) da 


daily 
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(6.0xl0 24 kg)(6.4xl0 6 m) 2 


f 2 n rad 4 

4 1 day 4 


.1 1 day ) 

v 86,400 s y 



7.1xl0 33 kg*m 2 /s 


(. b ) For the yearly revolution about the Sun, treat the Earth as a particle, with an angular frequency 
of one revolution per year. 


Aiaily ^^daily MR 


Sun- ^daily 
Earth j 


= (6.0xl0 24 kg)(l.5xl0“ m) 


f 2 n rad ^ 

4 1 day 4 


^365 day. 

v 86,400 s y 



2.7 xlO 40 kg*m 2 /s 


h (a) L = Ico = \MR 2 co = \( 48kg)(0.15m) 2 


rev 


^ 2 n rad ^ 


v lrev j 


= 9.50kg*m 2 /s = 9.5kg*m 2 /s 


2.8 

V s J\ 

(b) If the rotational inertia does not change, then the change in angular momentum is strictly due to 
a change in angular velocity. 

A L ItDfad ~ Ico 0 0-9.50kg*nr/s 


T = ■ 


-1.9m*N 


At At 5.0 s 

The negative sign indicates that the torque is in the opposite direction as the initial angular 
momentum. 


9. When the person and the platform rotate, they do so about the vertical axis. Initially there is no 
angular momentum pointing along the vertical axis, and so any change that the person-wheel- 
platform undergoes must result in no net angular momentum along the vertical axis. 

(a) If the wheel is moved so that its angular momentum points upwards, then the person and 
platform must get an equal but opposite angular momentum, which will point downwards. 
Write the angular momentum conservation condition for the vertical direction to solve for the 
angular velocity of the platform. 


L. - L f — > 0 - I w co w + IpCOj, —> 


The negative sign means that the platform is rotating in the opposite direction of the wheel. If 
the wheel is spinning counterclockwise when viewed from above, the platform is spinning 
clockwise. 

( b ) If the wheel is pointing at a 60° angle to the vertical, then the component 
of its angular momentum that is along the vertical direction is 
I w co w cos 60° . See the diagram. Write the angular momentum 

conservation condition for the vertical direction to solve for the angular 
velocity of the platform. 

L. = L f — ^ 0 — / w ( 2 t w cos 60° + 1 pCOp — ^ 


Again, the negative sign means that the platform is rotating in the opposite direction of the 
wheel. 

(c) If the wheel is moved so that its angular momentum points downwards, then the person and 
platform must get an equal but opposite angular momentum, which will point upwards. Write 
the angular momentum conservation condition for the vertical direction to solve for the angular 
velocity of the platform. 

L,=L f -t> 0 = -/ w « w +I p C0p 


Q) ? =<z> w / w // p 


co v = - 


2I„ 


-OK 
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id) 


The platform is rotating in the same direction as the wheel. If the wheel is spinning 
counterclockwise when viewed from above, the platform is also spinning counterclockwise. 
Since the total angular momentum is 0, if the wheel is stopped from rotating, the platform will 


also stop. Thus 


= 0 


10. The angular momentum of the disk-rod combination will be conserved because there are no external 
torques on the combination. This situation is a totally inelastic collision, in which the final angular 
velocity is the same for both the disk and the rod. Subscript 1 represents before the collision, and 
subscript 2 represents after the collision. The rod has no initial angular momentum. 

L x L 1 — > b x co x = b 2 C0 2 — ^ 


L I, . 

\MR 2 


f 3/ 



co^ = co. — = co. — — = CO. 


= (3.7rev/s) 



2.2 rev/s 

2 1 J 1 J J 1 

*2 * disk + * rod 

\MR 2 +^M(2R) 2 

\ / / | 

^57 


1 


1 1 . Since the person is walking radially, no torques will be exerted on the person-platform system, and 
so angular momentum will be conserved. The person will be treated as a point mass. Since the 
person is initially at the center, they have no initial rotational inertia. 

(a) L.=L, — > /,,, co. = ( / , +1 )co, 

x / i j platform i \ platform person J j 


I 


co f = 


platform 


/ . + mR 

platform 


-co = 


920kg*nf 


(b) KE,=\I 


2 platform 


920kg»m 2 + (75 kg) (3.0 nr) 
cof = y(920kg*nf) (0.95 rad/s)" = 


- (0.95 rad/s) = 0.548 rad/s = 0.55 rad/ s 


420 J 


KE - \(l +/ W=j(/ Itf +m r 2 )co 2 

j 2 \ platform person ) J 2. \ platform person person J j 

= i[920kg-m 2 +(75kg)(3.0m) 2 ](0.548rad/s) 2 = 239J 


240 J 


12. Because there is no external torque applied to the wheel-clay system, the angular momentum will be 
conserved. We assume that the clay is thrown with no angular momentum so that its initial angular 
momentum is 0. This situation is a totally inelastic collision, in which the final angular velocity is 
the same for both the clay and the wheel. Subscript 1 represents before the clay is thrown, and 
subscript 2 represents after the clay is thrown. 


A = L 2 


I x co x = 1 2 co 2 


L I „ , 

CO = m _L = *2! 

L /..+/. 

2 wheel clay 


= CD , 


W „ ,R\ , 

2 wheel wheel 


V 2 ^AheeAwheel 2 ^clayAlay J 


= CD , 


wheel wheel 


V^wheel^wheel '^clay^Aay J 


= (1.5 rev/s) 


(5.0 kg)(0.20 m) 2 


(5.0 kg) (0.20 m) 2 +(2.6 kg)(8.0xl0 _2 m) 2 


= 1.385 rev/s = 1.4 rev/s 


13. 


The angular momentum of the merry-go-round and people combination will be conserved because 
there are no external torques on the combination. This situation is a totally inelastic collision, in 
which the final angular velocity is the same for both the merry-go-round and the people. Subscript 1 
represents before the collision, and subscript 2 represents after the collision. The people have no 
initial angular momentum. 

L x = L, -+ I ] co ] = I 2 co 2 — > 
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-f] m-e-r 

CO, = CO. — - = (0, = CO, 

I, I + I . 

2 m-g-r people 


/ +4 M R- 

m-g-r person 


= (0.80rad/s) 


1760kg*m 2 


0.48 rad/s 


1760kg*m 2 + 4(65kg)(2.1m)“ 

If the people jump off the merry-go-round radially, then they exert no torque on the merry-go-round, 
and thus cannot change the angular momentum of the merry-go-round. The merry-go-round would 

continue to rotate at 


0.80rad/s 


14. (a) The angular momentum of the system will be conserved as the woman walks. The woman’s 
distance from the axis of rotation is r - R- vt. 




L=L f 

< / 


/ . f + 1, 

platform 0 

v woman J 


CO, = ( I , ,, + I ) CO 

0 \ platform woman / 

(- \MR 2 + mR 2 ) co 0 = (±MR 2 + m ( R - vt ) 2 ) co 
(\MR 2 + mR 2 )co 0 


— > 


— » 


co = 


[\MR 2 +m(R-vt) 2 ) 


(jM + m)tO 0 


f vt) 

2 

\M + m 




l R 



(b) Evaulate at r = R-vt = 0 — » R = vt. 
+ m) co c 


CO = 


\M 


f 2 m 

1 + 


M J 


(O n 


15. Since there are no external torques on the system, the angular momentum of the 2-disk system is 
conserved. The two disks have the same final angular velocity. 

/. = L f — > Ico-\- 1 ( 0 ) — 2 1 C 0 f — ^ 


CO f =jCO 


16. Since the lost mass carries away no angular momentum, the angular momentum of the remaining 
mass will be the same as the initial angular momentum. 


co 


I 


\MR 

5 i i 


MR- 


L — L r ^ I .CO. — I fCOr ^ — — ■ 

CO. I f f M f R- {D.SM .){()X)\R j 


= 2.0x10 


co, =2.0x10 4 O) =2.0x10 4 


4 2 n rad ' 

f 1 d 1 

v 30 day y 

v 86400 s y 


= 4.848xl0~ 2 rad/s ~ 5xl0 -2 rad/s 


The period would be a factor of 20,000 smaller, which would make it about 130 seconds. 
The ratio of angular kinetic energies of the spinning mass would be as follows. 

^(0.5M,)(0.01i?,) 2 ](2.0xl0 4 iy.) 2 

7 T\ ; = 2.0x10 > 


_ hid _ i 


K 


j I CO 

2 i i 


co: 


K r , = 2x10 a ... . 

final initial 
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17. For our crude estimate, we model the hurricane as a rigid cylinder of air. Since the “cylinder” is 
rigid, each part of it has the same angular velocity. The mass of the air is the product of the density 
of air times the volume of the air cylinder. 

M = pV = pnR 2 h = (l.3kg/rn);r(8.5xl0 4 m) 2 (4.5xl0 3 m) = 1.328xl0 14 kg 


(a) K = Utv 2 =j(jMR 2 )(v edge /R) 2 =jMv ( 

= j(l.328xl0 14 kg) 

(b) L = Ico=(\MR 2 ){v eAi jR) = \MRv t 


2 

edge 


(I20km/h) 

( lm/s V 

- 2 

= 3.688x10 16 J = | 

3.7x10 16 J 

/3.6km/h y 





edge 


= ^(l.328xl0 14 kg)(8.5xl0 4 m) 


(l20km/h) 


f lm/s A 


3.6km/h 


= 2.213xl0 2o kg*m 2 /s 


1.9xl0 20 kg-m 2 /s 


18. Angular momentum will be conserved in the Earth-asteroid system, since all forces and torques are 
internal to the system. The initial angular velocity of the satellite, just before collision, can be found 
from <y asteroid = v asteroid / /? Earth . Assuming the asteroid becomes imbedded in the Earth at the surface, 

the Earth and the asteroid will have the same angular velocity after the collision. We model the 
Earth as a uniform sphere, and the asteroid as a point mass. 


L =L, 


1 1 ;irlh ^4 arth "^asteroid ^asteroid 




Earth ^asteroid 


K 


The moment of inertia of the satellite can be ignored relative to that of the Earth on the right side of 
the above equation, and so the percent change in Earth’s angular velocity is found as follows. 


Earth ^^Earth asteroid ^Ttsteroid Earth ^ 


(!) t - CO E . 


■ )_4 


0 ), 


I (0, -a)„,), , m R a R 

% change = — ^EEZ(ioO) = astero,d Earth Earth 


Earth 


Earth ^Earth 


fit 


CO • . 


5 Earth Earth ^^Earth 


5 Earth ^^Earth ^ Earth 


( 100 ) 


(l.0xl0'kg)(3.5xl0 4 m/s) 


(0.4)(5.97xl0 24 kg) 


2 n rad 
86400s 


(6.38xl0 6 m) 


-( 100 ) = 


3.2x10 % 


19.| The angular momentum of the person-turntable system will be conserved. Call the direction of the 
person’s motion the positive rotation direction. Relative to the ground, the person’s speed will be 
v + v T , where v is the person’s speed relative to the turntable, and v T is the speed of the rim of the 

turntable with respect to the ground. The turntable’s angular speed is CO T = v T / R , and the person’s 

V + V T V 

angular speed relative to the ground is (O p = = — + ( 0 T . The person is treated as a point 

R R 

particle for calculation of the moment of inertia. 


L =L, 


0 = I j(Oj + I ? (0 ? = I j(t)j + mR~ 


co T + — 
R 
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CO, - - mRv - = - < 65 kg) j 3 - 25 m )( 3 - 8m / s ) , - I -0.32 rad/s 

I T +mR " 1850kg*nr + (65 kg)(3.25 m) 

20. We use the determinant rule, Eq. 1 1 -3b. 

i j k 

(a) AxB = -A 0 0 =i[(0)(5)-(0)(0)] + j[(0)(0)-H)(5)] + k[H)(0)-(0)(0)] 

0 0 B 

= AB j 

So the direction of A x B is in the j direction. 

( b ) Based on Eq. 1 1 -4b, we see that interchanging the two vectors in a cross product reverses the 
direction. So the direction of B x A is in the -j direction. 

(c) Since A and B are perpendicular, we have |a x b| = |B x a| = AB sin 90° = AB . 

21. (a) For all three expressions, use the fact that |AxB| = AB sin 9. If both vectors in the cross 

product point in the same direction, then the angle between them is 6 - 0°. Since sin 0° = 0 , a 
vector crossed into itself will always give 0. Thus ixi = jx j = kxk = 0 . 

( b ) We use the determinant rule (Eq. 1 1 -3b) to evaluate the other expressions. 

i j k 

ixj=l 0 0 = i[(0)(0) - (0)(l)] + j[(0)(0) - (l)(0)] + k[(l)(l) - (0)(0)] = k 

0 1 0 

i j k 

ixk=l 0 0=i[(0)(l)-(0)(0)] + j[(0)(0)-(l)(l)] + k[(l)(0)-(0)(0)] = -j 

0 0 1 

i j k 

jxk^O 1 o =i[(l)(l)-(0)(0)] + j[(0)(0)-(0)(l)] + k[(0)(0)-(0)(l)] = i 
0 0 1 

22. (a) East cross south is into the ground . 

(. b ) East cross straight down is north . 

(c) Straight up cross north is |west. 

(d) Straight up cross straight down is [o] (the vectors are anti-parallel). 

23. Use the definitions of cross product and dot product, in terms of the angle between the two vectors. 

|AxB| = A.B — > A5|sin#| = AB cos 0 — > |sin0| = cos# 

This is true only for angles with positive cosines, and so the angle must be in the first or fourth 
quadrant. Thus the solutions are 6 = 45°, 315°. But the angle between two vectors is always taken 

to be the smallest angle possible, and so 6 = 45° . 
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24. We use the determinant rule, Eq. 1 1 -3b, to evaluate the torque. 

i j k 

f = rxF=4.0 3.5 6.0 m*N 

0 9.0 -4.0 

= {i[(3.5)(-4.0)-(6)(9)] + j[(6)(0)-(-4)(4)] + k[(4)(9)-(3)(5)]}m.N 
= (— 68i + 1 6 j + 36k) m*N 

25. We choose coordinates so that the plane in which the particle 
rotates is the x-y plane, and so the angular velocity is in the z 
direction. The object is rotating in a circle of radius /-sin# , 
where # is the angle between the position vector and the axis of 
rotation. Since the object is rigid and rotates about a fixed axis, 
the linear and angular velocities of the particle are related by 
v = cor sin 9. The magnitude of the tangential acceleration is 

= ar sin 9. The radial acceleration is given by 
2 

V V 

a R = = v = vO). We assume the object is gaining 

/-sin# /-sin 9 

speed. See the diagram showing the various vectors involved. 

The velocity and tangential acceleration are parallel to each other, and the angular velocity and 
angular acceleration are parallel to each other. The radial acceleration is perpendicular to the 
velocity, and the velocity is perpendicular to the angular velocity. 

We see from the diagram that, using the right hand rule, the direction of a R is in the direction of 
to xv. Also, since to and v are perpendicular, we have |fi>xv| = /yv which from above is 
vco- a R . Since both the magnitude and direction check out, we have a R = to x v . 

We also see from the diagram that, using the right hand rule, the direction of a tan is in the direction 
of fix?. The magnitude of fix? is |fix?| = arsm9, which from above is arsin# = a tan . Since 
both the magnitude and direction check out, we have a tan = fi x ? . 

26. (a) We use the distributive property, Eq. 1 1 -4c, to obtain 9 single-term cross products. 

AxB = ( A\ + AJ + T r k)x(#i + BJ + #_k) 

= A B : (* X *) + A A (* x j) + A A (i X k) + AB X ( j x i) + AB V ( j x j) + AB z ( j x k) 

+ AB x (k x i) + A,B v (k x j) + A_B_ (kxk) 

Each of these cross products of unit vectors is evaluated using the results of Problem 2 1 and Eq. 
11 -4b. 

AxB = A B (0) + ABk + AB (-j ) + AB f-k ) + AB (0 ) + ABi 
+ ABJ + AB y ,(-i) + M(0) 

= A B k - A B\ - A B k + A Bi + A B\ - A B \ 

x y x zJ y x y 2 z xJ 2 y 
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= (AB -AB )\ + (AB -AB)] + [aB -AB ) k 

\ y z z yf \ z x x z/J \ x y y x ) 

(h) The rules for evaluating a literal determinant of a 3 x 3 matrix are as follows. The indices on 
the matrix elements identify the row and column of the element, respectively. 

a n a n a u 

a 2\ ®22 a 22 — tin (^ 22^33 _ ^ 23^32 ) ^" ®12 (^ 23^31 _ ^ 21^33 ) ^13 (^ 21^32 _ ^ 22^31 ) 

a 2l a i2 a 3} 

Apply this as a pattern for finding the cross product of two vectors. 

i j k 

AxB = A A A =\\(aB -AB) + ](AB - A B ) + \i(AB - AB ) 

x y z \T Z z y / •* \ z x x z / \XT y x J 

B B B 

x y z 

This is the same expression as found in part (a). 

27. We use the determinant rule, Eq. 1 1 -3b, to evaluate the torque. 

i j k 

t = ?xF= 0 8.0 6.0 m*kN 

±2.4 -4.1 0 

= {i [- (6.0) (-4.1)] + j [(6.0) (±2.4)] + k [- (8.0) (±2.4)]}m-kN 

= (24.6i ± 14.4 j + 19.2k) rn-kN = (2.5i ± 1.4j + 1.9k) x 10 4 m-N 
The magnitude of this maximum torque is also found. 



28. We use the determinant rule, Eq. 1 1 -3b, to evaluate the torque. 

i j k 

f = r xF = 0.280 0.335 0 m*N 

215cos33.0° 215sin33.0° 0 

= k[(0.280)(215sin33.0°)-(0.335)(215cos33.0°)]m-N 
= -27.6 m*N k = 27.6 m*N in the - z direction 

This could also be calculated by finding the magnitude and direction of r , and then using Eq. 1 1 -3a 
and the right-hand rule. 

29. (a) We use the determinant rule, Eq. 1 1 -3b, to evaluate the cross product. 

i j k 

A xB = 5.4 -3.5 0 = -7.0i - 10.8j + 0.49k « — 7.0i - 1 lj + 0.5k 

-8.5 5.6 2.0 

(. b ) Now use Eq. 1 l-3a to find the angle between the two vectors. 

|a xB| = Ay /(-7.0) 2 + (-10-8) 2 + (0.49) 2 = 12.88 
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A = y(5.4) 2 + (3.5) 2 = 6.435 ; Byj(- 8.5) 2 + (5.6) 2 + (2.0) 2 = 10.37 

i- -i , IAxbI . 12.88 

AxBUiSsin^ — > 6 = sin = sin = 1 l.l°or 168.9° 

1 1 AB (6.435) (10.37) 

Use the dot product to resolve the ambiguity. 

A-B = (5.4) (-8.5) + (3.5) (5.6) + 0 (2.0) = -26.3 

Since the dot product is negative, the angle between the vectors must be obtuse, and so 

6 = 168.9° ~ [170° . 

30. We choose the z axis to be the axis of rotation, and so to = tyk. We describe the location of the 

point as r - R cos coti + R sin cot] + z 0 k. In this description, the point is moving counterclockwise in a 

circle of radius R centered on the point (0, 0, z 0 ) , and is located at (i?, 0, z 0 ) at t = 0. 

dr ; „ 

v = — = -Rco sin coti + Rco cos cot] 
dt 

i j k 

d> x r = 0 0 co = -Rcosm coti + Rco cos cot] = v 

R cos cot R sin cot z 0 
And so we see that v = wxr. 

If the origin were moved to a different location on the axis of rotation (the z axis) that would simply 
change the value of the z coordinate of the point to some other value, say z x . Changing that value 
will still lead to v = raxr. 

But if the origin is moved from the original point to something off the rotation axis, then the position 
vector will change. If the new origin is moved to (x 2 , y 2 ,z 2 ) , then the position vector will change 

tor = (R cos cot -x 2 ) i + ( R sin cot - y 2 ) j + (z 0 - z 2 ) k. See how that affects the relationships. 

dr ; « 

v = — = -Rco sin coti + Rco cos cot] 
dt 

i j k 

(5xr= 0 0 co = (- Rco sin cot + coy 2 )i + [Rco cos cot - <yx 2 )j = v 

R cos cot -x 2 R sin cot - y 2 z 0 - z 2 
We see that with this new off-axis origin, v^dxr. 

31 J Calculate the three “triple products” as requested, 
i j k 

AxB = A A A 

x y z 

B B B 

x y z 

i j k 

B xC = B B B = 

x y z 

C C C 

x y z 
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CxA = 


i j k 

C c c z 

AAA 

x y z 


i (C A - CA y ) + j (CA x - C A : ) + k (CA y - C A x ) 


A*(BxC) = (a\ + A\ + A k)*|~ \(b C -BC) + ](BC -B C) + k(BC -5C)1 
= A (BC -BC) + A (BC -B C ) + A (b C - BC ) 

= A B C -ABC +ABC -ABC +ABC - ABC 

x y z x z y y z x y x z z x y z y x 


B-(CxA) = (Bi + Bj + Bk)-[i(C A -C a) + ](C A -C A) + k(C A -C A)1 
= B (C A -C A) + B (CA -C A) + B (C A -C A ) 

xy^z z y / j'Vzx x z / zyx^ y x J 

= BC A -BC A +BC A -BC A +BC A -BC A 

x y z x z y y z x y x z z x y z y x 


C-(A x B) = (Cl + C, j + Ck)(i (AB. - AB, ) + ](AB x - AB_ ) + k (AB v - AB x )] 
= C (AB - AB ) + C (AB -AB) + C ( AB - AB ) 

= C A B -CAB +C A B -CAB + C A B -CAB 

x y z x z y y z x y x z z x y z y x 

A comparison of three results shows that they are all the same. 

32. We use the determinant rule, Eq. 1 1 -3b, to evaluate the angular momentum. 

i j k I 


L = r xp = 


y 


P x Py P: 


(yP : ~ 2 Pr) 

\\ + (zp x -xp z )] + \ 

(xp y -yp x ) 

Ik 


33. The position vector and velocity vectors are at right angles to each other for circular motion. The 
angular momentum for a particle moving in a circle is L = rp sin 0 = rmv sin 90° = mrv. The moment 

of inertia is / = mr 2 . 

t 2 t \ 2 2 2 2 2 

L I mrv ) m r v mv 2 

— = — = — = -\mv - K 

21 2 mr~ 2 mr 2 2 

2 

P 

This is analogous to K = relating kinetic energy, linear momentum, and mass. 

2 m 


34. (a) See Figure 11-33 in the textbook. We have that L = r L p = dmv. The direction is into the plane 

of the page. 

(b) Since the velocity (and momentum) vectors pass through O' , r and p are parallel, and so 
L = r x p = 0 . Or, r = 0 , and so L = 0. 

35. See the diagram. Calculate the total angular momentum about the origin. 

L = r, x p + r 2 x (-p) = (r, - r 2 ) x p 

The position dependence of the total angular momentum only depends on 
the difference in the two position vectors. That difference is the same no 
matter where the origin is chosen, because it is the relative distance 
between the two particles. 
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36. Use Eq. 1 1-6 to calculate the angular momentum. 

i j 

L = rxp = ;?7(rxv) = (0.075kg) 4.4 -6.0 

3.2 0 

= (0.075) (481 + 35.2 j + 19.2k)kg.m 2 /s = 

37. Use Eq. 1 1-6 to calculate the angular momentum. 

i j 

L = rxp = m(fxv) = (3.8kg) 1.0 2.0 

-5.0 2.8 

= (3.8) (— 14.6i - 1 1 .9 j + 12.8k) kg*m 2 /s = I (—551 — 45 j + 49k)kg*m 2 /s 



38. (a) From Example 1 1-8, a = 


(m B -m A )g 


m A + m n + i/r; ) 

(m B -m A )g 


( m A + m n + I /K ) ( m A + m n ) + l mR H R l m A + m n + J 

(UtgXs.SOm/s 1 ) 


= 1 L = 0.7538m/s = 0.75m/s 

15.6kg — 

(/;) If the mass of the pulley is ignored, then we have the following. 

(m -m )g (l-2kg) (9.80m/s‘ ) , 

„_V b a js n '■ = 0.7737 m/s‘ 


( m A +m B ) 


15.2 kg 


% error = 


0.7737 m/s 2 - 0.7538m/ s 2 
0.7538 m/s 2 


xlOO = 2.6% 


39. The rotational inertia of the compound object is the sum of the individual moments of inertia. 

1 = ^particles + 7 rod = m l 0 )' + m (l £ Y + M (f ' £ Y + + J M / 2 = (f 171 + j M ) f 

(a) K = \Io ) 1 =±(fm + ±M)/W = 

( b ) L = Ia >= (-^777 + |M) £'co 

40. (a) We calculate the full angular momentum vector about the center of mass of the system. We 

take the instant shown in the diagram, with the positive x axis to the right, the positive y axis up 
along the axle, and the positive z axis out of the plane of the diagram towards the viewer. We 
take the upper mass as mass A and the lower mass as mass B. If we assume that the system is 
rotating counterclockwise when viewed from above along the rod, then the velocity of mass A 
is in the positive z direction, and the velocity of mass B is in the negative z direction. The speed 
is given by v = cor = (4.5 rad/s) (0.24 m) = 1.08 m/s. 

L = ? A xp A + r B xp B = m{ r A x v A + r B x v B } 


(> + iM)/V 
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i 

j 

k 


i 

j 

k 


m • 


-0.24 m 

0.21m 

0 

+ 

0.24 m 

-0.21m 

0 




0 

0 

V 


0 

0 

-v 



(b) 


= m{2i(0.21m)v + 2j(0.24m)v} = 2wv{i(0.21m) + j (0.24 m)} 

= 2 (0.48 kg) (1.08 m/s){i (0.21 m) + j (0.24 m)} = [i (0.2177) + j (0.2488)]kg.m 2 /s 


* 2 / 

The component along the axis is the j component, 0.25kg*m/s 


The angular momentum vector will precess about the axle. The tip of the 
angular momentum vector traces out the dashed circle in the diagram. 

-,f 0.2177kg-m 2 /s 

6 = tan — = tan 


0.2488 kg*m /s 


41° 



41. (a) We assume the system is moving such that mass B is moving down, mass A is moving to the 
left, and the pulley is rotating counterclockwise. We take those as positive directions. The 
angular momentum of masses A and B is the same as that of a point mass. We assume the rope 
is moving without slipping, so v = a> pulky R 0 . 


L — L + L + L .. — MvR + M vR + I to — MvR + MvR + / 

A B pulley A0 B0 A0 B0 


R n 



(b) The net torque about the axis of the pulley is that provided by gravity, M B gR 0 . Use Eq. 11-9, 
which is applicable since the axis is fixed. 


Z dL 

T = 

dt 


d 

M Bg R o = ~ 
dt 


[) ( j 

(M a + M b )R 0 + — v — (M a + M b )R 0 + — 


R, 


oy v 


a = ■ 


M B gR 0 


(M a + M b ) R 0 + 


R, 


oj 


M B g 


M + — r 
R; 


R, 


od 


42. Take the origin of coordinates to be at the rod’s center, and the axis of 
rotation to be in the z direction. Consider a differential element 
M 

dm = — dr of the rod, a distance r from the center. That element rotates 

/ 

in a circle of radius r sin t/> , at a height of r cos </>. The position and 
velocity of this point are given by the following, 
r = rsintfcoscot i + rsintpsincot j + /mos^k 

= r\ sin^cosntf i + smtfsmcot j + cos^kl 
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.. dr . , . i . , - 

v = — = -rcosmtpsmcot 1 + rcosmtpcoscot j 

- /'&>[]- sin 0sin ft# i + sin0cosft# j] 
Calculate the angular momentum of this element. 


dL = dm (r x v) = r 2 co—dr 


= —dr (-sin0cos0cosft#)i + (-sin0eos0sinft#) j + (sin 2 0cos 2 cot + sin 2 0sin 2 ax') k 


sin0cosft# sin 0 sm off cost 


- sin 0 sin ft# sin 0 cos OJt 


£ 

Mr 2 co sin0 

7 


i/r[( -cos0cosft#)i + (-cos0sinft#) j + sin 0k] 


Note that the directional portion has no r dependence. Thus c/L for every piece of mass has the same 
direction. What is that direction? Consider the dot product r»c/L. 


vdL = r[]sin0eosft#i + sin0sinft# j + cos0k] 


Mr 1 co sin </> dr 
1 


[(-cos0cosft#)i + (-cos0sinft#) j + sin0k] 


Mr 2 co sin 0 dr r , , . . , , 1 

= — [sm0cosft# (-cos0cosft#) + sin 0 sin ft#(- cos 0 sin ft#) + cos0sin0J = 0 

Thus c/L J. r for every point on the rod. Also, if 0 is an acute angle, the z component of c/L is 
positive. The direction of dL is illustrated in the diagram. 

Integrate over the length of the rod to find the total angular momentum. And since the direction of 
dL is not dependent on r, the direction of L is the same as the direction of c/L. 

M cftsin0 r 


L = 


= \dL = 


£ 


-[(-cos0cosft#)i + (-cos0sin&ff)j + sin0k] J r 2 dr 


Mco £ 2 sin 0 
12 


[(-cos0cosft#)i + (-cos0sinft#) j + sin 0k] 


Find the magnitude using the Pythagorean theorem. 


L = 


Mco£ 2 sin 0 r 


12 


(-cos0cosft#)~ + (-cos0sinft#)' + sin 2 0 


T 2 - 

Mco £ 2 sin0 

J 

12 


L is inclined upwards an angle of 0 from the x-y plane, perpendicular to the rod. 


43 


We follow the notation and derivation of Eq. 1 l-9b. Start with the general definition of angular 
momentum, L = ^rxp,. Then express position and velocity with respect to the center of mass. 


r = r CM + r* , where r * is the position of the i tb particle with respect to the center of mass 
v, = V CM + V* , which comes from differentiating the above relationship for position 

L = Z ? x P = Z x m y, = Z ( ? cm + f ) x m, ( + V ) 

i i i 
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= X 777 / ? cm X V CM + X 777 Acm X V* + X m fi X V CM + X 777 ,T X V* 

i i i i 

Note that the center of mass quantities are not dependent on the summation subscript, and so they 
may be taken outside the summation process. 


L = ( r CM X v CM ) X m, + ? CM x X my] + f X mi] 


V i 


xvcm+X^xv; 


In the first term, X 777 , = M. In the second term, we have the following. 

i 

X 777 X = X 777 / ( V - “ Wm) = X 777 ^. “ X 777 ^CM = X 777 /^ CM = 0 


This is true from the definition of center of mass velocity: v„ w = — V my .. 

Mi 

Likewise, in the third term, we have the following. 

X 777 ,r ’ = X 777 - (f - ? CM ) = X 777 A - X 777 / ? cm = X 777 /f - ^CM = 0 


This is true from the definition of center of mass: = — V mi. 

M, 


Thus L = M (r CM x v CM ) + X 777 ,?/ x v) = L* + (r CM x Mv cm ) 


as desired. 


44. The net torque to maintain the rotation is supplied by the forces at the bearings. From Figure 11-18 
we see that the net torque is 2 Fd, where d is the distance from the bearings to the center of the axle. 
The net torque is derived in Example 11-10. 

I co 2 _ I co 2 (m A r 2 +m B r 2 ) (a) 2 sin 2 </>) 

T ne t = = 2 Fd F = = — - 

tan <p 2d tantp 2d tan </> 

45. As in problem 44, the bearings are taken to be a distance d from point 
O. We choose the center of the circle in which m A moves as the 

origin, and label it O' in the diagram. This choice of origin makes the 
position vector and the velocity vector always perpendicular to each 
other, and so makes L point along the axis of rotation at all times. So 
L is parallel to d). The magnitude of the angular momentum is as 
follows. 

L = m A r A1 v = m A (r A sin^) ( cor A sin^) = mjlcosin 2 <j> 

d\-i 

L is constant in both magnitude and direction, and so — = t = 0 . 

dt 

Be careful to take torques about the same point used for the angular momentum. 

7 net =0 = F A (r/-r A cos^) + F;(r/ + r A cos^) = 0 -> F B = -F A ^[ ?A C ° S ^ 

yd + r A cost/)) 

The mass is moving in a circle and so must have a net centripetal force pulling in on the mass (if 
shown, it would point to the right in the diagram). This force is given by F c = m A ofr A sin <j) . By 

Newton’s third law, there must be an equal but opposite force (to the left) on the rod and axle due to 
the mass. But the rod and axle are massless, and so the net force on it must be 0. 
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F 


net 

on axle 


= f a -f b -f c =f a 


-F„ 


( d - r A cos^) 
( d + r A cos <ft) 


■ m of r sintp = 0 


F A = 


m A afr A sin 0(d + r A cos <ft) 


2d 


_ (d-r A cos< 

^ A 


( d + r A cos <ft) 


m A afr A sin^ (d - r A cos < 


2d 


We see that F B points in the opposite direction as shown in the tree-body diagram. 


46. We use the result from Problem 44, 

(m A r 2 +m B r 2 )(co 2 sin 2 </>) _ mr 2 co 2 sin 2 </> _ (0.60kg) (0.30m) 2 (1 1.0rad/s) 2 sin 2 34.0° 


F = 


2d tan (j) 


d tan tj> 


(0.1 15 m) tan 34.0° 


= 26N 


47. 


This is a variation on the ballistic pendulum problem. Angular momentum is conserved about the 
pivot at the upper end of the rod during the collision, and this is used to find the angular velocity of 
the system immediately after the collision. Mechanical energy is then conserved during the upward 
swing. Take the 0 position for gravitational potential energy to be the original location of the center 
of mass of the rod. The bottom of the rod will rise twice the distance of the center of mass of the 
system, since it is twice as far from the pivot. 


^before 

collision 


= L 


after 

collision 


" 2 (i / ) V = ( / rod +/ pu tt y)^ 


m /v 



after 

collision 


= E. 


top of 
swing 


-» K 


after 

collision 


= U , 


top of 
swing 


— > 


H^od+^utty )co 2 =(m+M)gh 


— > 


( ^rod ^ putty ) ^ ( Aod ^ putty ) 

777 £v 

2 

777 2 / 2 V 2 

2(777 + M)g 2(777 + M)g 

2(l , +/ m ) 

\ rod putty / 

~Sg(m + M)(l roi + I pmy ) 


2 0 2 2 

m i v 


2 2 

m v 


8 g(m+ M)(^Mf 2 +7 n[\£) 2 ^ 2g(m + M) (jAf + m) 


^bottom 2 / 7 cm 


2 2 

m v 


g (777 + M ) ( + m ) 


48. Angular momentum about the pivot is conserved during this collision. Note that both objects have 
angular momentum after the collision. 

1 = L - F L. + /., -» m bullct v 0 ( j /) = l mck co+ m buUa v r ({ / ) -» 


before 

collision 


after 

collision 


bullet 

initial 


stick 

final 


bullet 

final 


co = 


m buiie,( v o- v f)(i / ) _ "w( v o- v f)(l / ) _ 3 w buUe,( v o^ v f) _ 3 (0.0030 kg) ( 1 1 0 m/s) 


-EM .. , 

12 stick stick 


stick ^stick 


(0.27kg)(l.0m) 


3.7 rad/s 
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49. The angular momentum of the Earth-meteorite system is conserved in the collision. The Earth is 
spinning counterclockwise as viewed in the diagram. We take that direction as the positive direction 
for rotation about the Earth’s axis, and so the initial angular momentum of the meteorite is negative. 
L. ... = L, , — > / c „. 0 ) n -mR c v sin 45° = (/_ .. + / , ,)co — > 

initial final Earth 0 E V Earth meteorite / 

2 „ 


co = 


7 Ear,h^0-«^ E VSin450 


( 7 


Earth ^meteorite 


f MX-mR, 


) 

v 1 


j M E R E ao, - mR E v sin 45° 


r: 


CO 



co, . 

co 0 

K( 

2 M 

5 ly± E 

+ m) 

A co 

co- co 0 

CO 

-1 = 

co 0 

CO, 

CO, 


5 E 


mv 

sflaoR 


V V E J 


2-M 

5 JV± E 


mv 

sj2oo.,R 


U V E J 


1 M ■ 

5 E 


Rl{m+±M E ) 
mv ^ 
sfloxR 


V V E J 


[m + |M e ) 


1 = 


(m + ^M E ) 
\ 

+ 1 

'0" V E 


V 

sfloiR 


J 


f M 

1 + f— ^ 

m 


2.2x10 m/s 




_ _ V 


2 n 
86,400 


+ 1 


rad/s (6.38 xlO 6 m j 




f 


1 + f 


5.97xl0 24 kg A 

5.8xl0 10 kg 


= -8.387x10“ 


-8.4x10“ 


50. (a) Linear momentum of the center of mass is conserved in the totally inelastic collision. 

P initial _ /’final * W beam V 0 — ( HJ bcam OT man ) V fmal * 

v = ^beand’o = ( 23 0 kg) ( 1 8 ffl/s ) = 

(295 kg) 


14m/s 


tinal / \ 

m, + m ) 

\ beam man / 

(. b ) Angular momentum about the center of mass of the system is conserved. First 
we find the center of mass, relative to the center of mass of the rod, taking down 
as the positive direction. See the diagram. 


Tcm 


W beam( 0 ) +W n»(2 / ) _ ( 65 kg) (l .35 m) 


( m. + m ) 

\ beam man / 


(295kg) 

= 0.2975 m below center of rod 

We need the moment of inertia of the beam about the center of mass of the entire 
system. Use the parallel axis theorem. 

I =- \m, £~ + m r 2 ; I = m (\£-r ) 

beam 12 beam beam beam 7 man man \ 2 beam / 


"^'initial ^iinii 


m u 


v.r. = (/. + 1 )co r 

n 0 beam \ beam man / in 


CM 


^0.2975 m 
^CM 


rod + 
man 


( 7 beam +/ man) l ^beam (| / )’ + ( j £ ~ ^ )’ 

(230kg) (I8m/s) (0.2975m) 

-jV(230kg)(2.7 m) 2 + (230kg) (0.2975 m) 2 + (65 kg) (l. 0525 m) 2 


= 5.307 rad/s = 5.3rad/s 
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5 1 . Linear momentum of the center of mass is conserved in the totally inelastic collision. 
Pz „ai -> mv = (m + M)v c 


P initi 


CM 

final 


mv 


CM , r 

final IU + M 


Angular momentum about the center of mass of the system is conserved. First we find the center of 
mass, relative to the center of mass of the rod, taking up as the positive direction. See the diagram. 
»j(|/) + M(0 ) m£ 

CM (ffj + M) 4(»? + M) 

The distance of the stuck clay ball from the system’s center of mass is found. 

= ±/_ _ i fi _ M£ 

y "'" y 4 ycM 4 4 (m + M) 4(m + M) 

We need the moment of inertia of the rod about the center of mass of the entire system. Use the 
parallel axis theorem. Treat the clay as a point mass. 

m£ 

4 (»? + M ) 

Now express the conservation of angular momentum about the system’s center of mass. 


/ . =4-M£ 2 +M 

rod 12 


^initial ^final 


^final = 


> WVy d lay=(4d +/ clay) W fi„al 

mvy . mvy . 

s clay s clay 


( Aod ^day ) 


±M£ 2 +M 


m£ 


4(777 + M) 


■^Tclay 


M£ 


777V - 


4 (777 + M) 


12777V (777 + M) 


^M£-+M 


777 / 

2 

+ m 

M£ 

2> 

4(777 + M ) 

4(777 + M ) 

y 



£{lm 2 +UmM + 4M 2 ) 


12777V 


/(7777 + 4M) 


52. (a) 


See the tree-body diagram for the ball, after it has moved 
away from the initial point. There are three forces on the 
ball. F n and mg are in opposite directions and each has 

the same lever arm about an axis passing through point 
O perpendicular to the plane of the paper. Thus they 
cause no net torque. F fr has a 0 lever arm about an axis 

through O, and so also produces no torque. Thus the 
net torque on the ball is 0. Since we are calculating 
torques about a point fixed in an inertial reference frame, 



we may say that ^ t 


— = 0 and so L is constant. Note that the ball is initially slipping 
dt 


while it rolls, and so we may NOT say that v 0 = R(O 0 at the initial motion of the ball. 
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(b) 


We follow the hint, and express the total angular momentum as a sum of two terms. We take 
clockwise as the positive rotational direction. 

L = L + L = mRv - Ico 

V CM 03 CM 

The angular momentum is constant. We equate the angular momentum at the initial motion, 
with v = v n and co = co n = co r , to the final angular momentum, with v =0 and co = 0. 

CM U U U G CM 


L imtial =L nrial _ = mRv 0 - I(O c = mR (0) - 1 (0) = 0 -» co c 


mRv 0 

^CM 


mRv 0 
5 mR 2 



Angular momentum is again conserved. In the initial motion, v ^ = v 0 and co 0 = 0.90co c . Note 


that in the final state, co = v CM / R , and the final angular momenta add to each other. 



This answer is reasonable. There is not enough “backspin” since co 0 < C 0 c , and so the ball’s 
final state is rolling forwards. 

(, d) Angular momentum is again conserved. In the initial motion, v ^ = v 0 and co 0 = \ .\0oJ c . Note 
that in the final state, co = v CM / R , and the final angular momenta add to each other. 



This answer is reasonable. There is more than enough “backspin” since co 0 > G) c , and so the 
ball’s final state is rolling backwards. 


53. Use Eq. 1 1 - 1 3c for the precessional angular velocity. 

Mgr i Mgr (0.22 kg) (9.80 m/s 2 ) (0.035 m) 

Ico Qco 1 rev ^ 2;r rad 15rev T2^rad N 

_6.5sv rev )__ Is v rev , 



54. (a) The period of precession is related to the reciprocal of the angular precessional frequency. 
T _2 n _ Inlco _ 2^[}Mr d ( sk ~\lnf _ in 1 fr^ k _ In 1 (45 rev/s) (0.055 m)~ 

Q Mgr Mgr gr (9.80 m/s" ) (0. 1 05 m) 

= 2.61 Is ~ |2.6s 
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(b) 


Use the relationship 


T = 


UfiL 


gr 


derived above to see the effect on the period. 


2 ^ 2 f r L r L 



new 

new 


5 

2 


T 

new 

gr 

o new 

r 

new 

'disk 

new 

r | 

(2) 

^original 

“ 2 n 2 frl k 

~ 2 ~ 

^disk 

r 

I aisk 

r 

new 

llj 

gr 

r 

V 

J 




So the period would double, and thus be T =27’ . 

u 7 new original 


2(2. 611s) = 5.222s « 


5.2s. 


55 


Use Eq. 1 1 - 1 3c for the precessional angular velocity. 

q _ Mgr _ Mg {\£ aL te ) g/ xk ( 9.80 m/s 2 ) (0.25m) 

Ic0 i Mr wheei® r wheei® (0.060 m) 2 (85 rad/s) 


8.0 rad/s 


(1.3 rev/s) 


56. 


The mass is placed on the axis of rotation and so does not change the moment of inertia. The 
addition of the mass does change the center of mass position r, and it does change the total mass, M, 
to \M. 


M(K„,) + i Ml 


axle 


Mi. 


axle 


M + \M 


\M 


= -£ 

3 * axle 


M gr 

newo new 


Q. 


Ia) 


Q. 


original 




^ongin^ongina. M (f / n J 

Ico 


= 2 


Q =2Q = 2(8.0 rad/s) = 16 rad/s 

new original \ / / / 


57. The spinning bicycle wheel is a gyroscope. The angular frequency of 
precession is given by Eq. 1 1 - 1 3c. 

(9.80m/ s 2 ) (0.20 nr) 


Q = 


Mgr Mgr 


gr 


ICO '^fvheel dee fi> (0.325 nr) 2 (4.0^ rad/s) 


= 1.477 rad/s 


lrev 


v 2 n rad j v 


60s 
1 min 


14rev/min 



In the figure, the torque from gravity is directed back into the paper. This gives the direction of 


precession. When viewed from above, the wheel will precess |counterclockwise| 


58. We assume that the plant grows in the direction of the local “normal” force. In 
the rotating frame of the platform, there is an outward fictitious force of 

2 

V 2 

magnitude m — = mraf . See the free body diagram for the rotating frame of 
r 

reference. Since the object is not accelerated in that frame of reference, the 
“normal” force must be the vector sum of the other two forces. Write Newton’s 
second law in this frame of reference. 
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Z Vertical = COS 0 ~ mg = 0 -» b\ 


mg 
cos # 


\ . , . = F„ sin # - mrco = 0 

horizontal N 


mrco 2 
sin# 


mg mrco 2 
cos# sin# 




In the inertial frame of reference, the “normal” force still must point inward. The horizontal 


component of that force is providing the centripetal acceleration, which points inward. 


59. (a) At the North Pole, the factor mco 2 r is zero, and so there is no effect from the rotating reference 
frame. 

g = g~ Of r = g- 0 = 

(b) To find the direction relative to a radial line, we orient Npole 

the coordinate system along the tangential (x) and radial 
O’, with inward as positive) directions. See the diagram. 

At a specific latitude cf> , the “true” gravity will point 

purely in the positive y direction, g = g j. We label the 
effect of the rotating reference frame as g rot . The effect 
of g rot can be found by decomposing it along the axes. 

Note that the radius of rotation is not the radius of the 
Earth, but r = If cos#. 

g rot = rof sin#i - rof cos# j 

= R e co 2 cos# sin #i - R E co 2 cos 2 # j 
g = 8 + g rot = R E or cos# sin #i + (g - R E co 2 cos 2 #) j 
The angle of deflection from the vertical (#) can be found from the components of g. 




6 = tan 1 = tan 1 

gy 


R e co 2 cos# sin# 
g - R e co 2 cos 2 # 
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(c) At the equator, the effect of the rotating reference frame is directly opposite to the “true” 
acceleration due to gravity. Thus the values simply subtract. 


g’ = g-ofr = g- CO 2 R Vmh = 9.80 m/ s 2 - 


^ 2n rad ^ 


86.400s 


(6.38xl0 6 m) 


9.77 m/ s 2 , inward along a radial line 


60. (a) In the inertial frame, the ball has the tangential speed of point B, 

v B = r B a>. This is greater than the tangential speed of the women at 

A, v A = r A a>, so the ball passes in front of the women. The ball 



deflects |to the right) of the intended motion. See the diagram. 

(b) We follow a similar derivation to that given in section 11-9. In the 
inertial frame, the ball is given an inward radial velocity v by the 
man at B. The ball moves radially inward a distance r B - r A during 

a short time t, and so r B -r A = vt. During this time, the ball moves sideways a distance 

s B = v B f, while the woman moves a distance s A = v A t. The ball will pass in front of the woman 

a distance given by the following. 

S=S B~ S A= K = ( r B -r A )cot=vcot 2 

This is the sideways displacement as seen from the noninertial frame, and so the deflection is 


vcot 


This has the same form as motion at constant acceleration, with s = vcot 2 = \a c t 1 . 


Thus the Coriolis acceleration is a„ = 2 v(0 


61 


The footnote on page 302 gives the Coriolis acceleration as a Cor 


2d) X v. The angular velocity 


vector is parallel to the axis of rotation of the Earth. For the Coriolis acceleration to be 0, then, the 
velocity must be parall el to the axis of rotation of the Earth. At the equator this means moving either 
due north or due south. 


62. The Coriolis acceleration of the ball is modified to a n = 2 an* = 2an>cosA, where v is the vertical 
speed of the ball. The vertical speed is not constant as the ball falls, but is given by v = v 0 + gt. 
Assuming the ball starts from rest, then a Coi = 2cogt cosT. That is not a constant acceleration, and so 
to find the deflection due to this acceleration, we must integrate twice. 

dv Vcor 1 

a Cor = 2cogt cos A = — — — > dv Cor = 2a>gt cos Adt — > ^ dv Coi =2cog cos A^tdt — > 


, , dx r 

v Cor = cogr cosT = — — 
dt 


A Cor * 

dx Coi = cogt 2 cos Adt — > | dx Coi = j" cogt 2 cos Adt 


x a,r = jO)gt 3 cos A 


So to find the Coriolis deflection, we need the time of flight. The vertical motion is just uniform 
acceleration, for an object dropped from rest. Use that to find the time. 


y = T ( 


+ V + 7 St' 


t = 


l 2 (y-y 0 ) 


g 
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x cor = i Wgt^ cos A = \ cog cos A 


f 2h^ n 


V g ; 


= yCOCOsA 


'8A JV * 


V g J 


_ J_ 

3 


^ 2n rad ^ 
v 86, 400 s j 


(cos 44°) 


A 8(ll0m) A ‘ 2 

9.80 m/s 2 


0.018 m 


The ball is deflected by about 2 cm in falling 110 meters. 


63. The diagram is a view from above the wheel. The ant is 
moving in a curved path, and so there is a fictitious outward 
radial force of mtxTri. The ant is moving away from the axis 
of rotation, and so there is a fictitious Coriolis force of 
-2mco\’]. The ant is moving with a constant speed, and so in 
the rotating reference frame the net force is 0. Thus there 
must be forces that oppose these fictitious forces. The ant is 
in contact with the spoke, and so there can be components of 
that contact force in each of the coordinate axes. The force 
opposite to the local direction of motion is friction, and so is 

-F fr i. The spoke is also pushing in the opposite direction to 
the Coriolis force, and so we have F spoke j. Finally, in the vertical direction, there is gravity ( -mgk ) 
and the usual normal force (F N k) . These forces are not shown on the diagram, since it is viewed 
from above. 



v 

f 

■^spokeJ 

iy . 

It 

\ at 

-2mcov \ , 

1 mco n 




rotating 

frame 


(mco 2 r -F Fi ) i + (F poke - 2 mcov) j + (F n - mg) k 


64. (a) Because the hoop is rolling without slipping, the acceleration of the center of 

the center of mass is related to the angular acceleration by a CM = aR. From the 

free-body diagram, write Newton’s second law for the vertical direction and for 
rotation. We call down and clockwise the positive directions. Combine those 
equations to find the angular acceleration. 

Z ^vertcal = M g~ F t = Ma CM -» F T= M (g-a cu ) 

Y j t = F j R = Icc = MR 2 = MRa cu 

R 


M (g-a cu )R = MRa c 


(. g-«c M ) = ■ 


~g 


T = Ia = MR 1 — = \MRg = — 


dL 


R 


L = \MRgt 


(b) F T = M (g - a CM ) = \Mg 


dt 

and is constant in time. 


- R 


mg 


65. (a) Use Eq. 1 1-6 to find the angular momentum. 

i j k 

L = rxp = m(rxv) = (l.OOkg) 0 2.0 4.0 

7.0 6.0 0 


kg*m 2 /s= (-24i + 28j-14k)kg*m 2 /s 
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(. b ) T = rxF= 0 2.0 4.0 m*N = (l6j - 8.0k) m*N 


4.0 0 


66. Angular momentum is conserved in the interaction between the child and the merry-go-round. 

L . = L r — > L n = L f + L r — > I a). = (l +I..,.)co =(l +m,.,.R 2 )co — > 

initial final Oft mgr 0 \ mgr child / \ mgr child mgr / 


L o =Lf ■ 

mgr child 


I mgI {co 0 - co) (l260kg»m 2 ) (0.45 rad/s) 
K^O) (2.5m) 2 (1.25 rad/s) 


See the tree-body diagram for the vehicle, tilted up on 2 wheels, on the 
verge of rolling over. The center of the curve is to the left in the 
diagram, and so the center of mass is accelerating to the left. The force 
of gravity acts through the center of mass, and so causes no torque about 
the center of mass, but the normal force and friction cause opposing 
torques about the center of mass. The amount of tilt is exaggerated. 
Write Newton’s second laws for the horizontal and vertical directions 
and for torques, taking left, up, and counterclockwise as positive. 

Z^vertica. = F y ~ Mg = 0 -» = Mg 



Y F =F =M — 

horizontal fr j-. 

K 

= FA»~F tI h = 0 


F n (tw) = FJi 


. . v w 

Mg{^w) = M-Ffi -» v c = Rg — 
iv V v 2/z 


„ , vi 2h v 2 

(. b ) From the above result, we see that R = — = L - 


g w g(SSF) 


R, sj SSF) car (SSF) suv 1.05 

^suv Vc (SSF) car 1.40 

g(SSF) 


= 0.750 


68. The force applied by the spaceship puts a torque on the asteroid which changes 
its angular momentum. We assume that the rocket ship’s direction is adjusted to 
always be tangential to the surface. Thus the torque is always perpendicular to 
the angular momentum, and so will not change the magnitude of the angular 
momentum, but only its direction, similar to the action of a centripetal force on 
an object in circular motion. From the diagram, we make an approximation. 
dL A L LM 



lo Ad ] mrdiAO 2mroAO 
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2 (2.25 xlO'°kg) (123 

m ) 


4 rev 
lday 


2n rad 
lrev 


lday 


86400 s j 


10.0 C 


In rad 
360° 


5(265N) 


= (2.12 xl0 5 s) 


lhr 
3600 s 


58.9 hr 


Note that, in the diagram in the book, the original angular momentum is “up” and the torque is into 
the page. Thus the planet’s axis would actually tilt backwards into the plane of the paper, not rotate 
clockwise as shown in the figure above. 

69. The velocity is the derivative of the position. 

v = — - — [i?cos(< 2 #)i + 7?sin(a»‘) jj = -coRsm(cot)i + coR cos(crtf) j 
dt dt 


-sm 


(cot) i + cos (cot) j 


From the right hand rule, a counterclockwise rotation in the x-y plane produces an angular velocity 
in the +k -direction. Thus 


to = 


- Ik 
\R 


. Now take the cross product cox r. 


eoxr = 


— k 

R 


x[i?cos(ft#)i + i?sin(< 2 #)j] = 
= -vsin(<yt)i + vcos(fttf) j = v 


R cos (cot) Rsin(a>t) 0 


Thus we see that 


v = coxr 


dz 

70. Note that z = v z t, and so — = v z . To find the angular momentum, use Eq. 11-6, L = r x p. 

dt 


r - R cos 


dr 


'2nz^ 


' 2nz^ 


i + R sin 


V d ) 


l d J 


2nv y 

v = — = -R = 

dt d 


-sm 


j + zk = R cos 

I 

2 nvj V _ 2 nv 


2 nvj 


V 


d J 


i + R sin 


2nv z t 


d J 


j + V k 


d 


i + R 


d 


-cos 


V 


2 nv t ) - 

TT )+v - k 


2 nv 7 

To simplify the notation, let a = — . Then the kinematical expressions are as follows. 

d 


: = i?cos(c«)i + 7?sin(m) j + v z tk ; v = -aR sin (at) i + aR cos ( a) j + v,k 

i j k 

R cos (at) R sin (at) vj 
|-/?orsin(<wf) 7tocos(crt) v 7 

= m \Rv z sin (at) - RavJ cos (at)] i + m [-Rav z t sin ( at ) - Rv z cos (at)] j 


L = r x p = mr x v = m 


+ m 


R 2 acos 2 (at) + R 2 a sin 7 (at) 
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= mRv z [sin (at) - at cos («?)] i + mRv z \-atsin[at) - cos (at)] j + mR 2 ak 
= mRv z | [sin (at) - at cos{at)\i + [-at sin(at) - cos(a?)] j + ^^-kj 


mRv , 




sm 


2 nz \ 2 nz 


( 2n z^ 


d J d 


-cos 


d J 


1 + 


2 nz . ( 2nz ^ 

sm 

d 


( 2nz^ 


d ) 


■ cos 


d ) 


- 2 nR 

J+ — k 


71. (a) From the free-body diagram, we see that the normal force will produce a torque 
about the center of mass. That torque, t = r x F N , is clockwise in the diagram 

and so points into the paper, and will cause a change AL = tA t in the tire’s 

original angular momentum. AL also points into the page, and so the angular 
momentum will change to have a component into the page. That means that the 


tire will [turn to the right] in the diagram. 

( b ) The original momentum is the moment of inertia times the angular velocity. 
We assume the wheel is rolling without slipping. 


A L - tA t = ( rF N sin#) At = ring sin 0 At 
AL Rmgsind At (0.32m) (8.0kg) 

; A = ico -- 

(9.80m/s 2 ) 

= / vj r 

|sinl2°(0.20s) 

1 

£ 

1 

(o.83kg*m 2 ) 

(2.1 m/s) 


0.19 



72. (a) See the diagram. The parallel axis theorem is used to 
find the moment of inertia of the arms. 

I — I . , + 1 

a body arms 


1 y M body^body + 2 


AiH / 2 +M (R +j/ )■ 

12 arm arm arm \ body 2 arm / 

= y(60kg)(0.12m) 2 



+ 2 


^-(5. 0kg) (0. 60m)' + (5.0kg)(0.42m)~ =2.496kg*m 2 ~ 2.5kg*m 2 


(b) Now the arms can be treated like particles, since all of the mass of the 
arms is the same distance from the axis of rotation. 

1=1+1 =\M h ,R;,+2M Rl . 

b body arms 2 body body arm body 

= j(60kg) (0.12 m) 2 + 2 (5.0kg) (0.12 m) 2 = 0.576 kg.m 2 


0.58kg*m 2 


(c) Angular momentum is conserved through the change in posture. 


-^"initial "^filial 


I co = I.co . 

a a b b 


I 2n _ j 2 n 


M 


T b = ^ T = °- 576kg<m (1 5s ) = 0.3462s = 
/ “ 2.496kg«m 2V 7 


0.35s 
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(d) The change in kinetic energy is the final kinetic energy (arms horizontal) minus the initial 
kinetic energy (arms at sides). 

f -- V 


AK = K a -K b = U a co] -\I b col = i(2.496 kg-nf ) 


^ 2jt V 


v 1.5s y 


■y(o.576kg»m 2 ) 


2 n 


v 0.3462 s y 


-73 J 


( e ) Because of the decrease in kinetic energy, it is easier to lift the arms when rotating. There is no 
corresponding change in kinetic energy if the person is at rest. In the rotating system, the arms 
tend to move away from the center of rotation. Another way to express this is that it takes work 
to bring the arms into the sides when rotating. 


[73 .| (a) The angular momentum delivered to the waterwheel is that lost by the water. 


A L . = -A L , = L . . - L r , = mv.R - m\’R 

wheel water initial tinal 1 2 


A L , . mv.R-mv^R mR , , . , , , , w , , , 

— = — 1 — = (v, - v 2 ) = (85 kg/s) (3.0m) (3. 2 m/s) = 816kg*nT/s 

At At At 


820kg»m 2 /s 2 


( b ) The torque is the rate of change of angular momentum, from Eq. 11-9. 
r_ = AZ ' wheel = 816kg«m 2 / s 2 = 816m«N - 


wheel At 

( c ) Power is given by Eq. 1 0-2 1 , P = TO). 


820 m*N 


P = tco = (816m*N) 


^ 2 n rev ^ 


5.5s 


930 W 


74. Due to the behavior of the Moon, the period for the Moon’s rotation about its own axis is the same as 
the period for the Moon’s rotation about the Earth. Thus the angular velocity is the same in both 
cases. 

v2 


I 00 I 

spin spin 


I u .0) I 


, MR ;, 

5 Moon 


orbit V 


MR 


2 R 2 2(l.74xl0 6 mV 

Moon \ / 


orbit J 


5 R- 


5 (384 x 10 6 m) 


1.21x10“ 


75. From problem 25, we have that a tan = a xr. For this object, rotating counterclockwise and gaining 
angular speed, the angular acceleration is a = ak. 

i j kl 


a, = axr = 


0 0 a 

Rcosd i?sin^ 0 


-aR sin 6i + aR cos 6 j 


(a) We need the acceleration in order to calculate i = rxF. The force consists of two components, 
a radial (centripetal) component and a tangential component. There is no torque associated with 
the radial component since the angle between r and F centrip is 180°. Thus f = rxF = rx F tan 


= r x »7a ta n = mr x a tan . 
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t = m r x a, = m 

tan 


i j k 

R cos# 7? sin# 0 
-aR sin 6 aR cos 9 0 


= m ^R 2 a cos 2 0 + i? 2 czsin 2 0 s ) k = ???i? 2 ak 


(/;) The moment of inertia of the particle is / = mR . 
t = la = mR 2 ak 


76. (a) The acceleration is needed since F = ma. 

r 


= ( v *oO* + (V" 2 S * 2 )5 ; v = ^ = vj + (v y0 - g t)} ; a = ^ = -gj (as expected) 


dt 


x = rxF = rx m a = »tr xa = m 


-SV k 


i j k 

l v ,-o^ V _ i^ 2 0 

o -g o 

(/;) Find the angular momentum from L = r x p = m (r x v) , and then differentiate with respect to 
time. 

' i j k| 


L = rxp = 777 (rxv) = 


= -TV, 0 grk 


m 


V J V ~ kSG 0 

V ,0 V ,0 ~St 0 


= V J ( v ,o - St) - V x0 (vJ -\gt 2 )] k 


dh d 
dt dt 


(-KoS^k) 


~ v x oStk 


77. We calculate spin angular momentum for the Sun, and orbital angular momentum for the planets, 
treating them as particles relative to the size of their orbits. The angular velocities are calculated by 
2 n 


co = 


L = / ox =fM s R: — = f(l.99xl0 30 kg)(6.96xl0 8 m) 2 [ 1 day 

Sun Sun Sun 5 Sun Sun ^ A 6 A ) ( 2 5 dags) ^ 86,400 S 


= 1.1217xl0 42 kg-m/s 
2 n 


L. , = M. , R: , 

Jupiter Jupiter Jupiter 


orb ' 1 Jupiter 


(l90xl0 25 kg)(778xl0 , m) — 


i 2 n ( 1 y ^ 


9y v3.156x10 7 s j 


= 1.9240 xlO 43 kg-m/s 

In a similar fashion, we calculate the other planetary orbital angular momenta. 


2 ji 

Saturn = M SatutXtunr = 7 ' 806 X 10® kg-m/s 

orblt 1 Saturn 

Aranus = M Uranus ^Uranus ~ = 1-695 X 10® kg-ffl/s 

orbit 1 Uranus 

r )jT 

L = M Ri = 2.492 x 10 42 kg-m/s 


Neptune Neptune Neptune 

orbit 1 x 


Neptune 
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f = 


planets 


L , + L„ 

planets Sun 


(19.240 + 7.806 + 1.695 + 2.492) x 10 42 kg-m/s 
(19.240 + 7.806 + 1.695 + 2.492 + 1.122) x 10 42 kg-m/ 


0.965 


78. (a) In order not to fall over, the net torque on the cyclist about an axis 

through the CM and parallel to the ground must be zero. Consider the 
tree-body diagram shown. Sum torques about the CM, with 
counterclockwise as positive, and set the sum equal to zero. 


X T = F uX-F fr y = 0 -+ 


F f x 

— = — = tan 6 

f, y 


(i b ) The cyclist is not accelerating vertically, so F N = mg. The cyclist is 
accelerating horizontally, because he is traveling in a circle. Thus the 
frictional force must be supplying the centripetal force, so F a = m v 2 /r. 

(9.2 m/s)" 


F, 

tan 6 = — 
F, 


m v 


v 

rg 


0 = tan 


■ = tan 



< X H 


(12 m) ^9. 80 m/s 2 ) 


= 35.74° * 36 


mg rg rg 

(c) From F fj = m v 2 /r, the smallest turning radius results in the maximum force. The maximum 
static frictional force is F & = ftF N . Use this to calculate the radius. 

(9.2m/s )' 


m 


v 7 r ,™ = M S F * = M< 


mg 


— y r — 

min 


Ms g 


(0.65)(9.80m/s 2 ) 


13 m 


|79.| (a) During the jump (while airborne), the only force on the skater is gravity, which acts through the 
skater’s center of mass. Accordingly, there is no torque about the center of mass , and so 
angular momentum is conserved during the jump. 

(. b ) For a single axel, the skater must have 1.5 total revolutions. The number of revolutions during 
each phase of the motion is the rotational frequency times the elapsed time. Note that the rate 
of rotation is the same for both occurrences of the “open” position. 

(1.2 rev/s) (0. 10s) + / single (0.50s) + (l.2rev/s) (0.10s) = 1.5rev — » 

1.5 rev -2 (1.2 rev/s) (0.1 0 s) 

■J single 


= 2.52rev/s~ 2.5rev/s 


(0.50s) 

The calculation is similar for the triple axel. 

(1.2 rev/s) (0.1 0 s) + / ttiple (0.50s) + (l.2rev/s)(0.10s) = 3.5 rev — » 


f = 

J triple 


3.5rev -2(l.2rev/s)(0.10s) 
(0.50s) 


= 6 . 52 rev/s ~ 6.5 rev/s 


(c) Apply angular momentum conservation to relate the moments of inertia. 


L , 

single 

= L , 

single 

— ^ I , CO , — I ■ , CO , 

single single single single 

open 

closed 

open open closed closed 

I , 

single 

closed 

CO. , 

single 

open 

= = L2rev/S =0.476 


"^single 


( 0 


single 

closed 


f. 

J Sll 


single 

closed 


2.52 rev/s 


Thus the single axel moment of inertia must be reduced by a factor of about 2. 
For the triple axel, the calculation is similar. 
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triple 

closed 




single 

open 


1 .2 rev/ s 


T . f. , 6.52 rev/s 

triple «/ sir-’ , “ ' 

open 


= 0.184 = 


' single 
closed 


Thus the triple axel moment of inertia must be reduced by a factor of about 5. 

80. We assume that the tensions in the two unbroken cables immediately become zero, and so they have 
no effect on the motion. The forces on the tower are the forces at the base joint, and the weight. The 
axis of rotation is through the point of attachment to the ground. Since that axis is fixed in an inertial 

Z dL 

r = — . See the tree-body diagram in the text to 


express the torque. 

Z dL 

T = -> 

dt 


7Mg(y/)s in# - 


d ( Ico ) 


dt 


da) 


da) 


-\m£ — — > \gsmd = \£ — -\£ 


,d-d 


dt dt z ~ J dt 3 dt 2 

This equation could be considered, but it would yield 0 as a function of time. Use the chain rule to 
eliminate the dependence on time. 

\gsmd = \£ — = \£ — — = \£a)— -» f^sin Odd = coda) 

3 dt 3 dd dt 3 dd - £ 


a u) 

| sin 8d8 = ja)da) — » f— (l-cos#) = y 




\ v 

■ COS0) = — — > 


v - . 


= A/(1 -cos#) = J3(9.80m/s 2 )(l2m)(l-cos6 l ) = 19x/u-cos~# 


Note that the same result can be obtained from conservation of energy, since the forces at the ground 
do no work. 


81. (a) We assume that no angular momentum is in the thrown-off mass, so the final angular 
momentum of the neutron star is equal to the angular momentum before collapse. 

L 0 =L { -A I 0 a) 0 = l f co { -A [H8.0M Sun ) /?/,„, ] oj () = [f (i 8.0M Sun ) R ; ] « 


— > 


0 ), = 


_ >(8.0M Sun X n ] 

>(l8.0M Sun )i?f] 


4 R, 


0)„ = 


R 


—a) = 

2 0 


4 

[6.96x10V 

2 

J 


12 x 10 3 m 

2 


) rev 


9.0 days 


(l.495xl0 9 rev/day) 


lday 

86400s 


= 1; 730 xlO 4 rev/s = 17, 000 rev/s 


( b ) Now we assume that the final angular momentum of the neutron star is only % of the angular 
momentum before collapse. Since the rotation speed is directly proportional to angular 
momentum, the final rotation speed will be % of that found in part (a). 


0 ) f = y(l.730xl0 4 rev/s) = 4300rev/s 


82. The desired motion is pure rotation about the handle grip. Since the grip is not to have any linear 
motion, an axis through the grip qualifies as an axis fixed in an inertial reference frame. The pure 

rotation condition is expressed by a CM = a bM ( d CM - c/ gnp ) , where d ffip is the 0.050 m distance from 

the end of the bat to the grip. Apply Newton’s second law for both the translational motion of the 
center of mass, and rotational motion about the handle grip. 

Z F = F = ma r ., ; / T = Fd - I a — » ma r ..d -la — » 

CM 5 / j grip CM grip 
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ma ( d r ., -d )d - I . a — > d - — — — r- 

v CM grip /grip / 7 7 \ 

m d r ., - d ) 

So we must calculate the moment of inertia of the bat about an axis through the grip, the mass of the 
bat, and the location of the center of mass. An infinitesimal element of mass is given by dm = Adx , 
where A is the linear mass density. 

0.84m 0.84m 

/gr^ = J = | ( x- ^ g rip) = J (x-0.050) 2 (0.61 + 3.3x 2 ) dx 

0 0 

0.84 m 

= J (3.3x 4 -0.33x 3 + 0.61825x 2 -0.061x + 0.001525 ) dx 

0 

= (^3.3x 5 - {0.33x 4 + i 0.61825X 3 - {0.06 lx 2 + 0.001525*)"'“ = 0.33685kg-m 2 

0.84 m 

m = j dm = | Adx = J [^0.6 1 + 3.3x 2 )kg/mjjx = (0.61x + l.bc 3 ) o = 1.1644kg 

0 


1 

m ■ 


| xdm = — j xAdx = — | |^(0.61x + 3.3x 3 )kg/m^i/x 


(y0.61x 2 + ^3.3x 4 ) 


0.84 

0 


1.1644 kg 


= 0.53757 m 


d = 


0.33685kg-m 2 


■ = 0.59333m » 0.593m 


(l. 1644 kg) (0.53757 m- 0.050 m) 

So the distance from the end of the bat to the “sweet spot” is d + 0.050 m=0.643m 


0.64 ml. 


83. (a) Angular momentum about the pivot is conserved during this collision. Note that both objects 
have angular momentum after the collision. 


L 


before 

collision 


m 


CO = 


— L +v — ^ 

after 

■^bullet ^stick 

"^bullet 

m bulle, V (A = 1 

collision 

initial final 

final 


W( v o- V f)* 

_ ^bullet ( V 0 - 

-v f )x _ 

. 12W bulle«( V 0- V f) 


stick® +»W V f* 


(v 0 -v f )x 12(0.0030kg)(ll0m/s) 


-L M / 2 

12 stick stick 




(0.33kg)(l.00m) 2 


( rad/s ^ 


12 1 

\x 

V m J 



(. h ) The spreadsheet used for 
this problem can be found 
on the Media Manager, 
with filename 
“PSE4ISMCH1 l.XLS,” 
on tab “Problem 1 1.83b.” 
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T 

X 


84. (a) Angular momentum about the center of mass of the system is conserved. 

First we find the center of mass, relative to the center of mass of the rod, 

taking up as the positive direction. See the diagram. 

mx + M ( 0) mx 
x — — — — 

™ (»7 + M) m + M w 

The distance of the stuck clay ball from the system’s center of mass is CM. 

found. 

mx Mx 

x . = x - x„. . = x = 

from cm m + M m + M 

Calculate the moment of inertia of the rod about the center of mass of the entire system. Use 
the parallel axis theorem. Treat the clay as a point mass. 


/ . = ±Mt +M 

rod 12 


' mx ' 


m + M j 

Now express the conservation of angular momentum about the system’s center of mass. 

WVX clay=( / ro d +/ clay)®f,nal “> 


^initial ^"'final 


mvx 


"final = 


clay 


mvx 


clay 


( A'od f'lay ) 


±m/ 2 + m 


/ \2 
' mx ' 


\m+M 


+ mx 


clay 


mv- 


Mx 

m + M 


±Mf +M 


/ \ 2 

' mx ' 


m + M 


+ m 


Mx 

m + M 




vx 

1 

12 

fi + "l 

l m J 

/ 2 +x 2 


( b ) Graph this function with 
the given values, from x = 
9 tox = 0.60 m. 


vx 


r 


1 + - v/ 

v m J 

12x 


f-+x 2 


3.72 + x- 


rad/s 



The spreadsheet used for 
this problem can be found 
on the Media Manager, 
with filename “PSE41SM CH 1 l.XLS,” on tab “Problem 1 1.84b.” 

(c) Linear momentum of the center of mass is conserved in the totally inelastic collision. 

P initial ~ P final MV = ( + M ) V C 


CM 

final 


mv 


l-IVl , , 

final m + M 


We see that the translational motion (the velocity of the center of mass) is |NOT dependent onx| 
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Responses to Questions 

[T] Equilibrium requires both the net force and net torque on an object to be zero. One example is a 
meter stick with equal and opposite forces acting at opposite ends. The net force is zero but the net 
torque is not zero, because the forces are not co-linear. The meter stick will rotate about its center. 

2. No. An object in equilibrium has zero acceleration. At the bottom of the dive, the bungee jumper 
momentarily has zero velocity, but not zero acceleration. There is a net upward force on the bungee 
jumper so he is not in equilibrium. 

3. The meter stick is originally supported by both fingers. As you start to slide your fingers together, 
more of the weight of the meter stick is supported by the finger that is closest to the center of 
gravity, so that the torques produced by the fingers are equal and the stick is in equilibrium. The 
other finger feels a smaller normal force, and therefore a smaller frictional force, and so slides more 
easily and moves closer to the center of gravity. The roles switch back and forth between the fingers 
as they alternately move closer to the center of gravity. The fingers will eventually meet at the center 
of gravity. 

4. The sliding weights on the movable scale arm are positioned much farther from the pivot point than 
is the force exerted by your weight. In this way, they can create a torque to balance the torque caused 
by your weight, even though they weigh less. When the torques are equal in magnitude and opposite 
in direction, the arm will be in rotational equilibrium. 

5. (a) The wall remains upright if the counterclockwise and clockwise torques about the lower left 

comer of the wall are equal. The counterclockwise torque is produced by F. The clockwise 
torque is the sum of the torques produced by the normal force from the ground on the left side 
of the wall and the weight of the wall. F and its lever arm are larger than the force and lever 
arm for the torque from the ground on the left. The lever arm for the torque generated by the 
weight is small, so the torque will be small, even if the wall is very heavy. Case (a) is likely to 
be an unstable situation. 

( b ) In this case, the clockwise torque produced by the weight of the ground above the horizontal 
section of the wall and clockwise torque produced by the larger weight of the wall and its lever 

arm balance the counterclockwise torque produced by F. 

6. Yes. For example, consider a meter stick lying along the x-axis. If you exert equal forces downward 
(in the negative y-direction) on the two ends of the stick, the torques about the center of the stick will 
be equal and opposite, so the net torque will be zero. However, the net force will not be zero; it will 
be in the negative y-direction. Also, any force through the pivot point will supply zero torque. 

[ 7 ] The ladder is more likely to slip when a person stands near the top of the ladder. The torque 

produced by the weight of the person about the bottom of the ladder increases as the person climbs 
the ladder, because the lever arm increases. 

8. The mass of the meter stick is equal to the mass of the rock. Since the meter stick is uniform, its 
center of mass is at the 50-cm mark, and in terms of rotational motion about a pivot at the 25-cm 
mark, it can be treated as though its entire mass is concentrated at the center of mass. The meter 
stick’s mass at the 50-cm mark (25 cm from the pivot) balances the rock at the 0-cm mark (also 25 
cm from the pivot) so the masses must be equal. 
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9. 

10 . 


11 . 


12 . 


13. 


14. 


15. 

16. 


17. 


18. 


Y ou lean backward in order to keep your center of mass over your feet. If, due to the heavy load, 
your center of mass is in front of your feet, you will fall forward. 

(a) The cone will be in stable equilibrium if it is placed flat on its base. If it is tilted slightly from this 
position and then released, it will return to the original position. ( b ) The cone will be in unstable 
equilibrium if it is balanced on its tip. A slight displacement in this case will cause the cone to topple 
over, (c) If the cone is placed on its side (as shown in Figure 12-42) it will be in neutral equilibrium. 
If the cone is displaced slightly while on its side, it will remain in its new position. 

When you stand next to a door in the position described, your center of mass is over your heels. If 
you try to stand on your toes, your center of mass will not be over your area of support, and you will 
fall over backward. 

Once you leave the chair, you are supported only by your feet. In order to keep from falling 
backward, your center of mass must be over your area of support, so you must lean forward so that 
your center of mass is over your feet. 

When you do a sit-up, you generate a torque with your abdominal muscles to rotate the upper part of 
your body off the floor while keeping the lower part of your body on the floor. The weight of your 
legs helps produce the torque about your hips. When your legs are stretched out, they have a longer 
lever arm, and so produce a larger torque, than when they are bent at the knee. When your knees are 
bent, your abdominal muscles must work harder to do the sit-up. 

Configuration ( b ) is likely to be more stable. Because of the symmetry of the bricks, the center of 
mass of the entire system (the two bricks) is the midpoint between the individual centers of mass 
shown on the diagram. In figure (a), the center of mass of the entire system is not supported by the 
table. 

A is a point of unstable equilibrium, B is a point of stable equilibrium, and C is a point of neutral 
equilibrium. 

The Young’s modulus for the bungee cord will be smaller than that for an ordinary rope. The 
Young’s modulus for a material is the ratio of stress to strain. For a given stress (force per unit area), 
the bungee cord will have a greater strain (change in length divided by original length) than the rope, 
and therefore a smaller Young’s modulus. 

An object under shear stress has equal and opposite forces applied across its opposite faces. This is 
exactly what happens with a pair of scissors. One blade of the scissors pushes down on the 
cardboard, while the other blade pushes up with an equal and opposite force, at a slight 
displacement. This produces a shear stress in the cardboard, which causes it to fail. 

Concrete or stone should definitely not be used for the support on the left. The left-hand support 
pulls downward on the beam, so the beam must pull upward on the support. Therefore, the support 
will be under tension and should not be made of ordinary concrete or stone, since these materials are 
weak under tension. The right-hand support pushes up on the beam and so the beam pushes down on 
it; it will therefore be under a compression force. Making this support of concrete or stone would be 
acceptable. 
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Solutions to Problems 

[l] If the tree is not accelerating, then the net force in all directions is 0. 

Y F = F. + F r cos 105° + F r =0 — > 

F c v = -F a - F B cos 1 05° = -3 85 N - (475 N ) cos 1 05° = -262. 1 N 
JV = F n sin 1 05° + F ( v =0 -» 

F c v = -F b sin 105° = - (475 N) sin 105° = -458.8 N 

F c = JF> x + Fl = J(-262.1 N) 2 + (-458.8 N) 2 = 528.4 N - |528N 



9 = tan 


-458.8 N 
-262.1 N 


= 60.3° , 0 = 180°- 60.3° = 


And so F c is 528 N, at an angle of 120° clockwise from F A . The angle has 3 sig. fig. 


2. Calculate the torques about the elbow joint (the dot in the free body * 

diagram). The arm is in equilibrium. Counterclockwise torques are _ \ 

positive. ! 

Yj T = F u d ~ m gD ~ MgL = 0 " d ! 


mD + ML 

F m= g 

d 


V — 1 


(2.3kg)(0.12m) + (7.3kg) (0.300m) 


0.025 m 


(9.80m/s 2 ) = |970N 


3. 


Because the mass m is stationary, the tension in the rope 
pulling up on the sling must be mg, and so the force of the 
sling on the leg must be mg, upward. Calculate torques about 
the hip joint, with counterclockwise torque taken as positive. 
See the free-body diagram for the leg. Note that the forces on 
the leg exerted by the hip joint are not drawn, because they do 
not exert a torque about the hip joint. 



x, , , (35.0cmj 

/T- mgpc , - Mgx , = 0 — > m-M — = (15.0 kg)-) 

v (78.0 cm) 



4. (a) See the free-body diagram. Calculate torques about the pivot 

point P labeled in the diagram. The upward force at the pivot 
will not have any torque. The total torque is zero since the 
crane is in equilibrium. 

^ x = Mgx - mgd = 0 — » 

_ md _ (2800kg) (7.7 m) 

M (9500 kg) 
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(. b ) Again we sum torques about the pivot point. Mass m is the u nk nown in this case, and the 
counterweight is at its maximum distance from the pivot. 

Mx^ x (9500 kg) (3.4m) 


Z T = Mgx - m gd = 0 — > m = ■ 

o max max o max 


(7.7kg) 


4200 kg 


5. ( a ) Let m = 0. Calculate the net torque about the left end of the 

diving board, with counterclockwise torques positive. Since the 
board is in equilibrium, the net torque is zero. 


— > 


£r = F B (l.O m) - Mg (4.0 m) = 0 

F b = 4 Mg = 4(52 kg) (9.80m/s 2 ) = 2038 N 
Use Newton’s second law in the vertical direction to find F . . 


1.0 m ' 
r 

•--2.0 m--i 


mg 


Mg 


2.0x10 N, up 


4.0 m 


Y J F y =F B -Mg-F A = 0 -> 

F A =F B -Mg = 4 Mg - Mg = 3Mg = 3 (52 kg) (9.80 m/s 2 ) = 1529 N = |l500N, down 


(b) Repeat the basic process, but with m = 28 kg. The weight of the board will add more clockwise 
torque. 

= F b (l.O m) -mg {2.0 m) -Mg (4.0 m) = 0 — » 


F b = 4Mg + 2mg = [4(52 kg) + 2(28 kg)](9.80m/s 2 ) = 2587 N = 2600 N, up 
Yj F y = F B -Mg- mg -F a -+ 

F a = F b - Mg - mg = 4 Mg + 2mg - Mg - mg = 3 Mg + mg 
= [3(52kg) + 28kg](9.80m/s 2 ) = 1803N * |l800N, down 


Write Newton’s second law for the junction, in both the x and y directions. 
F x ~ F b ~F a cos 45° = 0 

From this, we see that F A > F B . Thus set F A = 1660 N . 

^ F v = F a sin 45° - mg = 0 

mg = F a sin45° = (1660 N)sin45° = 1 174N ~ |l200N 



[ 7 ] Since the backpack is midway between the two trees, the angles in the 
diagram are equal. Write Newton’s second law for the vertical direction 
for the point at which the backpack is attached to the cord, with the weight 
of the backpack being the downward vertical force. The angle is 
determined by the distance between the trees and the amount of sag at the 
midpoint, as illustrated in the second diagram. 



(a) 6 = tan 1 


24.4° 


i/2 3.3 m 

y/ F = 2 F t sin 6* - mg = 0 


F = 


mg _ (19 kg)(9.80m/s 2 ) 
2 sin # 2 sin 24.4° 



= 225.4N 


230N 
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( b ) 9 = tan 1 


v _! 0.15 m ^ „ 

- J — = tan = 2.60 


F = 


Lj 2 3.3 m 

mg _ (19 kg)(9.80m/s 2 ) 


2 sin 6 , 


2sin2.60° 


= 2052 N 


2100N 


U 4 


Let m be the mass of the beam, and Mbe the mass of the 
piano. Calculate torques about the left end of the beam, with 
counterclockwise torques positive. The conditions of 
equilibrium for the beam are used to find the forces that the 
support exerts on the beam. 

Yj T = F R L ~ m s{l L )~ M s{lL) = Q F l Mg m g ±R 

F r =(f_m + ±M)g = [\_ (110kg) + t(320 kg)] (9.80m/s 2 ) = 1.32 xl0 3 N 
Yj F y =F L +F R- m S ~Mg = 0 

F l ~(m + M)g-F R = (430 kg) (9. 80 m/s 2 ) - 1.32x1 0 3 N = 2.89xl0 3 N 
The forces on the supports are equal in magnitude and opposite in direction to the above two results. 


F k = 1300N down 


F, - 2900 N down 


9. Calculate torques about the left end of the beam, with counter- 
clockwise torques positive. The conditions of equilibrium for the 
beam are used to find the forces that the support exerts on the beam. 

= F b (20.0m) -mg (25.0m) = 0 — » 

^'^-7 ng = (1.25) (1200 kg) (9.80 m/s 2 ) = 


20.0 m 


7Hg 


f b = - 


1.5x10 N 


25.0 m 


20.0 

Z F v = F a + F b -mg = 0 

F a = mg- F B = mg -l.25mg = -0.25mg = -(0.25) (1200 kg) (9. 80 m/s 2 ) : 
Notice that F A points down. 


-2900 N 


10. The pivot should be placed so that the net torque on the board is 
zero. We calculate torques about the pivot point, with 
counterclockwise torques positive. The upward force F p at the 

pivot point is shown, but it exerts no torque about the pivot 
point. The mass of the child is m, the mass of the adult is M, 
the mass of the board is m B , and the center of gravity is at the 
middle of the board. 

(a) Ignore the force m B g . 

y, T - Mgx - mg (L—x)- 0 — > 


L 


x L-x -- 

► 

. n 

Mi j,' 

UhM 

- J 

mg j 


LI 2 -x 


m 


x = 


-L = 


(25 kg) 


m + M (25 kg + 75 kg) 


(9.0 m) = 2.25 m = 2.3 m from adult 


(. b ) Include the force m B g. 
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^ T = Mgx -mg{L-x ) - m B g(L/ 2-x) = 0 

(m + m /2) (25kg + 7.5kg) . . 

x = '^- J - L = — ^ ( 9.0 m) = 2.54 m - 2.5 m from adult 

(M + /77 + /77 b ) (75kg + 25kg + 15kg) 

11. Using the if ee-body diagram, write Newton’s second law for both the 'V7 q 

horizontal and vertical directions, with net forces of zero. y'v 

= F ti F ti cosd = 0 -» F T2 = F T1 cos6» — 


Yj F v = F TI sin 6» - 777g = 0 F T1 = 



r r n /n m § 

F T2 = F t , cos # = cos # = 

sin # tan 6 


(190 kg) (9.80m/s 2 ) 


tan33 c 


= 2867N = 2900 N 


mg (190kg) (9.80m/s 2 ) 


sin33° 


= 3418N = 3400N 


12. Draw a free-body diagram of the junction of the three wires. - v — o 
The tensions can be found from the conditions for force \ 


equilibrium. 


eos37 c 


J / 

F = F t . cos 37° - F to cos 53° = 0 — > F T1 F T , 

x T1 T2 T2 T1 

cos 53 

yV = F Tl sin 3 7° + F T2 sin 53° - mg = 0 
cos 37° 

F T1 sm37 + F ti sin 53 - mg - 0 — > 

cos53° 


(33kg)(9.80m/s 2 ) 

. cos37° . 

sm 37 + sm 53 

cos 53° 


- = 194.6N = 190 N 


cos 37° cos 37° / , \ 

F t ,= F ti = (l.946xl0 N) = 258.3 N = 260N 


13.| The table is symmetric, so the person can sit near either edge and 0.60 m x 

the same distance will result. We assume that the person (mass 
M) is on the right side of the table, and that the table (mass m) is 
on the verge of tipping, so that the left leg is on the verge of 
lifting off the floor. There will then be no normal force between 
the left leg of the table and the floor. Calculate torques about the 
right leg of the table, so that the normal force between the table 
and the floor causes no torque. Counterclockwise torques are 
taken to be positive. The conditions of equilibrium for the table are used to find the person’s 
location. 

^ yyi 24 0 ks 

Vr = mg ( 0.60 m) - Mgx = 0 — > x = (0.60m) — ^(O.hOm)^ = 0.218m 

M 66.0 kg 

Thus the distance from the edge of the table is 0.50 m - 0.2 1 8 m = 0.28 m . 
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14. The cork screw will pull upward on the cork with a force of magnitude F cork , and so there is a 

downward force on the opener of magnitude F cork . We assume that there is no net torque on the 

opener, so that it does not have an angular acceleration. Calculate torques about the rim of the bottle 
where the opener is resting on the rim. 

Xr = F(79mm)-F cork (9mm) = 0 -» 

9 9 9 

F = — F = — (200N) to — (400N) = 22.8N to 45.6N » 

70 79 ' ' 79 V ' 


20 N to50N 


mg 


15. The beam is in equilibrium, and so both the net torque and p p p 

net force on it must be zero. From the ffee-body diagram, . . f I A 

calculate the net torque about the center of the left support, F A r*- 4*- 4 *- — >k - ►[ p 

with counterclockwise torques as positive. Calculate the J — — — 4 — ▼ Xj — \ X4 I , 1 

net force, with upward as positive. Use those two 
equations to find F A and F B . 

Z r = F b ( - X 1 + x 2 + -T + ) - F i x i - F 2 ( x , + * 2 ) - F 3 ( X, + x 2 + x 3 ) - mgx 5 

F l x l + F 2 (xj + x 2 ) + F 3 (xj + x 2 + x 3 ) + mgx 5 
(X[ +x 2 +x 3 +X 4 ) 

(4300N) (2.0m) + (3100N) (6.0m) + (2200N) (9.0m) + (280kg) (9.80 m/s ■)(5.» m) 


1 


Fn = 


10.0 m 


= 6072 N 


6100 N 


Z F = F A + F B ~ F l - F 2 -F i -mg = 0 

F A = F { + F 2 +F } + mg -F B = 9600 N + (280kg) (9.80 m/s 2 ) - 6072 N = 6272 N 


6300N 


16. (a) Calculate the torques about the elbow joint (the dot in the ffee- 

body diagram). The arm is in equilibrium. Take counterclockwise 
torques as positive. 

Z T - (^ M sin 9) d ~ mgD = 0 — » 




mgD _ (3.3 kg) (9.80m/ s 2 ) (0.24 m) 


d sin^ 


(0.12 m)sinl5° 


= 249.9 N 



250 N 


(. b ) To find the components of F } , write Newton’s second law for both the x and y directions. Then 
combine them to find the magnitude. 

ZF = F !x -F M cos0 = 0 ->■ F Sx = F m cos^ = (249.9 N) cos 15° = 241.4N 

Z F y = F m sin 6 ~ m S ~ F ly = 0 -» 

F i y = F m sin 6 -mg = (249.9 N) sin 15° - (3.3 kg) (9.80 m/s 2 ) = 32.3 N 
-^(241.4N) 2 + (32. 3N) 2 = 243.6N » |240N 


*,=ylK+K=- 
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17. 


Calculate the torques about the shoulder joint, which is at the left 
end of the free-body diagram of the arm. Since the arm is in 
equilibrium, the sum of the torques will be zero. Take 
counterclockwise torques to be positive. The force due to the 
shoulder joint is drawn, but it does not exert any torque about the 
shoulder joint. 

= F m d sin 6 - mgD - MgL = 0 



F = 

m 


mD + ML 
d sint? 


(3.3 kg) (0.24 cm) + (8.5 kg) (0.52 m) / g 8Q m ti \ 
(0. 12 m) sin 15° ' ' ' 


1600N 


"US 


18. From the free-body diagram, the conditions of equilibrium 
are used to fmd the location of the girl (mass m c ). The 45- 

kg boy is represented by m A , and the 35-kg girl by m B . 

Calculate torques about the center of the see-saw, and take 
counterclockwise torques to be positive. The upward force 
of the fulcrum on the see-saw (f) causes no torque about the center. 

Z T = m A S {l L )~ m c &- m B§ (H ) = 0 

(m A (45kg-3Skg) | 

25kg " 1 


x = 


m r 


0.64 m 


L 


T 


m c g g 


19 


There will be a normal force upwards at the ball of the foot, equal 
to the person’s weight (F n = mg). Calculate torques about a 
point on the floor directly below the leg bone (and so in line with 
the leg bone force, F B ). Since the foot is in equilibrium, the sum 

of the torques will be zero. Take counterclockwise torques as 
positive. 

Y J T = F n {2d)-F A d = 0 -> 


C = 2 

A N 


2mg = 2(72 kg) (9. 80 m/s 2 ) 


1400 N 



The net force in they direction must be zero. Use that to fmd F B . 

Z F y =F n +F a~ F b=° -> F b= F u +F a = 2m s + mg = 3mg = 


2 1 00 N 


20 . 


The beam is in equilibrium. Use the conditions of equilibrium to 
calculate the tension in the wire and the forces at the hinge. Calculate 
torques about the hinge, and take counterclockwise torques to be positive. 
Z r = (F t sin 6) /, - m { g ij 2- m 2 gl t = 0 -> 

_ ^m l gl l +m 2 gl l _ f(l55N)(l.70m) + (215N)(l.70m) 

T l 2 sin 6* ( 1.35 m) (sin 35.0°) 


= 642.2 N « 


642 N 



Z^=^h 


■ F t cos 6 = 0 


F Hx = F t cos e = (642.2 N) cos 35.0° = 526. 1 N = 


526N 
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Yj F y= F Hy +F T sin0 - m ig- m 2g = ° “> 

F h v = m,g + m 2 g - F T sin 0 = 155 N + 2 15 N - (642.2 N) sin 35.0° = 1 .649 N 


2N 


21 . 


(a) 


The pole is in equilibrium, and so the net torque on it must 
be zero. From the free-body diagram, calculate the net 
torque about the lower end of the pole, with 
counterclockwise torques as positive. Use that calculation to 
find the tension in the cable. The length of the pole is (. 

= F T h - mg (// 2) cos 0- Mg/ cos 0 = 0 

(w/2 + M)g/ cos# 

i 



(6.0kg + 21.5kg) (9.80m/s 2 )(7.20m)cos37° 
3.80m 


= 407. 8N « 


410N 


(b) 


The net force on the pole is also zero since it is in equilibrium. Write Newton’s second law in 
both the x and y directions to solve for the forces at the pivot. 


Yf =f p -f= o -» 

/ j x Px T 

Z F V = F Vy- m g~ M g = 


F =F = 

Px T 


410N 


0 -> F Py =(m + M)g 


(33.5 kg) (9.80 m/s 2 ) 


328N 


22. The center of gravity of each beam is at its geometric center. 
Calculate torques about the left end of the beam, and take 
counterclockwise torques to be positive. The conditions of 
equilibrium for the beam are used to find the forces that the 
support exerts on the beam. 

'£ d T = F B /-Mg(//2)-±Mg(//4)=0 

F b = \Mg = f(940 kg) (9.80 m/s 2 ) = 5758 N « 

'£F y =F A +F B -Mg-±Mg = 0 -> 

F a = ±Mg-F B =fMg = {(940 kg)(9.80m/s 2 ) = 8061N 


5800 N 


iMg 


//4j I Mg 


•//2 


8100N 


23. 


First consider the triangle made by the pole and one of the wires (first 
diagram). It has a vertical leg of 2.6 m, and a horizontal leg of 2.0 m. The 
angle that the tension (along the wire) makes with the vertical is 


2.0 

0 = tan = 37.6° . The part of the tension that is parallel to the ground is 

2.6 


therefore F rh = F t sin 0. 



Now consider a top view of the pole, showing only force parallel to the ground 
(second diagram). The horizontal parts of the tension lie as the sides of an 
equilateral triangle, and so each make a 30° angle with the tension force of the net. 
Write the equilibrium equation for the forces along the direction of the tension in 
the net. 


YF = F t -2F Th cos30° = 0 

/ j net T h 


— » 


F na = 2F’ T sin#cos30 o = 2 (l 15 N) sin 37.6° cos 30° = 121.5N 


120N 
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24. See the free-body diagram. We assume that the board is at the edge of 
the door opposite the hinges, and that you are pushing at that same edge 
of the door. Then the width of the door does not enter into the problem. 
Force F , is the force of the door on the board, and is the same as the 

push 7 

force the person exerts on the door. Take torques about the point A in 
the free-body diagram, where the board rests on the ground. The board 
is of length i. 

Y J T = F pu J sind- mg {^)cos0 = O 

mg (62.0 kg) (9.80 m/s 2 ) 

F , = — — = ^ = 303.8 N 

pus 2 tan 9 2 tan 45° 


3.0x10 2 N 



25 


Because the board is firmly set against the ground, the top of the board 
would move upwards as the door opened. Thus the frictional force on 
the board at the door must be down. We also assume that the static 
frictional force is a maximum, and so is given by F ft = /uF N = //F ish . 


Take torques about the point A in the free-body diagram, where the 
board rests on the ground. The board is of length 

= F ush / sin 9 - mg (y /) cos 9 - F f / cos 9 = 0 — > 

F^J sin 9 - mg ({ /) cos 9 - //F push / cos 9 = 0 -> 

(62.0kg) (9.80m/s 2 ) 


"^push 


mg 


mg 


2(tan#-//) 2(tan#-//) 2(tan45°-0.45) 


= 552.4 N 



550N 


26. Draw the free-body diagram for the sheet, and write 
Newton’s second law for the vertical direction. Note 
that the tension is the same in both parts of the 
clothesline. 

y F = F t sin3.5° + F 1 sin3.5° - mg = 0 — > 
mg _ (0.75 kg) (9.80 m/s 2 ) 

T _ 2(sin3.5°) ” 2(sin3.5°) 



60 N 


(2 sig. fig.) 


The 60-N tension is much higher than the ~ 7.5-N weight of the sheet because of the small angle. 
Only the vertical components of the tension are supporting the sheet, and since the angle is small, the 
tension has to be large to have a large enough vertical component to hold up the sheet. 
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Z F y = F rope C0S 4> + F hi„gc - mg- W= 0 -» 

vert 

F hinge =mg + W- F pc cos <j) = (3.8 kg) (9.80 m/s 2 ) + 22 N - (85 N ) cos 37° 


= -8.6 N 


-9N 


And so the vertical hinge force actually points downward. 

(c) We take torques about the hinge point, with clockwise torques as positive. 
Z r = llfr sin # + mg (y/) sin #-F rope / sin (#-^) = 0 — > 

F£ sin ( 8 - </>) - mg ( j /) sin # 


x = ■ 


W sin # 


(85 N) (5.0 m) sin 16° -(3. 8 kg) (9. 80 m/s ’)(« m) sin 53° 
(22N)sin53° 


= 2.436 m = 


2.4 m 


28. (a) Consider the tree-body diagram for each side of the ladder. 

Because the two sides are not identical, we must have both 
horizontal and vertical components to the hinge force of one 
side of the ladder on the other. 

y d d 

First determine the angle from cos 0 = - — = — . 

/ 2 / 

_i y d 0.9m 

8 - cos - — = cos = 68.9 

/ 2.5m 

Write equilibrium equations for the following conditions: 
Vertical forces on total ladder: 


Z F ve rt = F N - mg + F hmge - F hinge +F n =0 


— > 


right 


+^N = m S 


N 

left 


N 

right 



Torques on left side, about top, clockwise positive. 

Z T = F n (/ cos6 , )-772g(0.2/)cos6 , -7 7 T (y/)sin6 , = 0 

left 

Torques on right side, about top, clockwise positive. 

Z r = -F’ N (/cos (9) + F r (y/)sin<9 = 0 

right 

Subtract the second torque equation from the first. 

f \ 

F n +F n (/COS6 1 ) -772g(0.2/)cos$- 2 F t (y/)sin6 l = 0 

^ left right J 

Substitute in from the vertical forces equation, and solve for the tension. 
mg{£ cos 8) - mg (0.2/) cos 8 - 2 F t (y/)sin6 l = 0 — > 



= 


mg 

sin# 


(0.8cos#) = 


0.8mg_0.8(56.0kg)(9.80m/s 2 ) 


tan# 


tan 68.9° 


= 169.4 N 


170N 
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( b ) To find the normal force on the right side, use the torque equation for the right side. 

-F k (/cos 9) + F r (\/)smO = 0 — » 

right 

F n = jF T tan# = j(l69.4N)tan68.9° = 219.5N = 

right 

To find the normal force on the left side, use the vertical force equation for the entire ladder. 
F n + F n = m S -» 

left right 


220 N 


330N 


F N = mg — F N = (56.0kg) (9.80 m/s 2 )- 219.5 N = 329.3 N 

left right 

(c) We find the hinge force components from the fr ee-body diagram for the right side. 
Y F = F, - F =0 —> F. = F N = 219. 5N 

/ j vert N hinge hinge N 


right 


right 


Z F -F - F =0 — > F = F = 169 4 N 

1 horiz ''hinge 1 T u 7 "'hinge T 


J^ge+^lg e =V( 169 ‘ 4N ) + ( 219 - 5N ) = 277 ‘ 3N 


280 N 


, + _t “T t 219. 5N 

0 .. = tan tan 

'hinge ^ 


hinge 

horiz 


169.4N 


52° 


29. The forces on the door are due to gravity and the hinges. Since the door 
is in equilibrium, the net torque and net force must be zero. Write the 
three equations of equilibrium. Calculate torques about the bottom 
hinge, with counterclockwise torques as positive. From the statement of 
the problem, F Ay = F = j mg. 


Y J T = mg^-F Ax (h-2d) = Q 

mgw (I3.0kg)(9.80m/s 2 )(l.30m) 
^ 2(h-2d) 2(2.30 m-0.80 m) 


♦ w ► 



Y, F v= F Ay +F ,<y-mg = Q 


^=0 ^ F Bx = F Ax - 1 55.2 N 


F Ay = F By = j mg = i(l3.0 kg) (9. 80 m/s 2 ) = |63.7N 


30. See the free-body diagram for the crate on the verge of 
tipping. From the textbook Figure 12-12 and the associated 
discussion, if a vertical line projected downward from the center of 
gravity falls outside the base of support, then the object will topple. 
So the limiting case is for the vertical line to intersect the edge of 
the base of support. Any more tilting and the gravity force would 
cause the block to tip over, with the axis of rotation through the 
lower comer of the crate. 


tan# 


1 .00 
1.18 


— > 


6 = tan 1 


1.00 

1.18 



(2 sig fig) 
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The other forces on the block, the normal force and the frictional force, would be acting at the lower 
comer and so would not cause any torque about the lower comer. The gravity force causes the 
tipping. It wouldn’t matter if the block were static or sliding, since the magnitude of the frictional 
force does not enter into the calculation. 


We assume the truck is accelerating to the right. We want the refrigerator to not 
tip in the non-inertial reference frame of the truck. Accordingly, to analyze the 
refrigerator in the non-inertial reference frame, we must add a pseudoforce in 
the opposite direction of the actual acceleration. The free-body diagram is for a 
side view of the refrigerator, just ready to tip so that the noimal force and 
frictional force are at the lower back comer of the refrigerator. The center of 
mass is in the geometric center of the refrigerator. Write the conditions for 
equilibrium, taking torques about an axis through the center of mass, 
perpendicular to the plane of the paper. The normal force and frictional force 
cause no torque about that axis. 

Z F honz = F b ~ ma ^ = 0 -» F Sr = ma iruck 
= F ^-mg = 0 -> F k = mg 

X^ = F N (>)-F fr (^) = 0 -> ^T = - 


w < 




1 . "Struck 


mg 




5l = A = _^L_ a truck = gy = (9.80m/s 2 )j^ = |5.2m/s 

F fr W Struck h L9m 


32. 


Write the conditions of equilibrium for the ladder, with torques taken 
about the bottom of the ladder, and counterclockwise torques as 
positive. 

V 7 - = F w / sin #- mg (^/ cos#) = 0 F w =f-^~ 

tan 0 

YF=F -F =0 -> F =F = 1 -^- 

tan o' 

Z F v = F Gy - m S = 0 -> F ay = mg 
For the ladder to not slip, the force at the ground F Gx must be less than 
or equal to the maximum force of static friction. 




, mg 1 

\ < amg — > — < tan^ — > d > tan 

tan# 2 n 



Thus the minimum angle is 
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33. The tower can lean until a line projected downward through its center of 
gravity will fall outside its base of support. Since we are assuming that the 
tower is uniform, its center of gravity (or center of mass) will be at its 
geometric center. The center of mass can move a total of 3.5 m off of 
center and still be over the support base. It has currently moved 2.25 m 
off of center. So it can lean over another 1.25 m at the center, or 2.5 m at 


|the top| . Note that the diagram is NOT to scale. The tower should be 


twice as tall as shown to be to scale. 



34. The amount of stretch can be found using the elastic modulus in Eq. 12-4. 

1 275 N , _ , | 

-o — 7 — 7 7(0.300 m) = 

EA 5x10 N/V ^(5.00x10 4 


A / = !*/.=. 


2. 10x10“- nr 


35. (a) Stress = — = 

A A 


F mg (25000 kg) (9.80 m/s 2 ) . ; — -j~ 2 

= — = -^- = - — L = l 7 5,000N/nT = 1.8xlO s N/m- 


( b ) Strain = 


Stress 


1.4 m- 
175,000x10 s N/m 2 


Young's Modulus SOxlO^N/m 2 


3.5x10“ 


36. The change in length is found from the strain. 

A/ 

Strain = — > A/ = / 0 (Strain) = (8.6m)(3.5xl0“ 6 ) 


3.0x10 m 


A A 

Stress 


0.012 m 


— F me (1700kg) (9.80m/s 2 ) , , , 1 — 7 

37] (a) Stress = — = -f- = ^ , — ^ = 1.388x10 N/m‘ «|l.4x 10 n/ 

( b ) Strain = 


1.388 x 10 N/m 6 

1 = 6.94x10 


6.9x10“ 


6.6x10 m 


Y oung's Modulus 200x10 N/ m" 

(c) A/ = (Strain) (/ 0 ) = (6.94 x 10“ 6 ) (9.50 m) = 6.593 x 10“ 5 m = 

38. The relationship between pressure change and volume change is given by Eq. 12-7. 


AV = -V o — -> AP = - — g = -(0.10xl0~ 2 )(90xl0 9 N/m 2 ) = |9.0x 10 7 N/m 


AV 


B 

AP 9.0xl0 7 N/m 2 


K 


P, 1.0 x10 s N/m 2 

atm / 


9.0x10- 


or 900 atmospheres 


39. The Young’s Modulus is the stress divided by the strain. 

Stress F/A ( 13 - 4 N )/ ^(}x8.5xl0 3 m) 

Young's Modulus = = — = — 7 Z - J =- — 777 7 — 7- 

Strain A /// 0 (3.7 x 10 s m)^(l5x 10 "m) 


9.6xl0 6 n/ m 2 
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40. The percentage change in volume is found by multiplying the relative change in volume by 100. The 
change in pressure is 1 99 times atmospheric pressure, since it increases from atmospheric pressure to 
200 times atmospheric pressure. Use Eq. 12-7. 

199(l. OxlO 5 N/m 2 ) 


AV A P 

100 = -100 = 

V B 


- 100 - 


90xl0 9 N/m 2 


-2 x 1 0" 2 % 


41. 


The negative sign indicates that the interior space got smaller. 
(a) 


(c) 


The torque due to the sign is the product of the weight of the sign 
and the distance of the sign from the wall. 


(b) 


T = mgd = (6.1kg)(9.80m/s ’)(« m) = |l30m«N , clockwise] 7? 

Tvall 'v 


Since the wall is the only other object that can put force on the pole I 

(ignoring the weight of the pole), then pie wall must put a torque on 
the pole| . The torque due to the hanging sign is clockwise, so the torque due to the wall must be 


counterclockwise. See the diagram. Also note that the wall must put a net upward force on the 
pole as well, so that the net force on the pole will be zero. 

The torque on the rod can be considered as the wall pulling horizontally to the left on the top 
left comer of the rod and pushing horizontally to the right at the bottom left comer of the rod. 
The reaction forces to these put a shear on the wall at the point of contact. Also, since the wall 
is pulling upwards on the rod, the rod is pulling down on the wall at the top surface of contact, 
causing tension. Likewise the rod is pushing down on the wall at the bottom surface of contact, 


causing compression. Thus [all three are present) 


42. Set the compressive strength of the bone equal to the stress of the bone. 

Compressive Strength = -» F nax = (l70xl0 6 N/m 2 )(3.0xl0" 4 m 2 ) = 

A max v ' 7 


5.1x10 4 N 


|43.| (a) The maximum tension can be found from the ultimate tensile strength of the material. 

F 

Tensile Strength = 


A 


F „ = 


(Tensile Strength)^ = (500xl0 6 N/m 2 )#(5. 00x10 4 m) = 393 N 


(b) 


To prevent breakage, picker strings) should be used, which will increase the cross-sectional area 
of the strings, and thus increase the maximum force. Breakage occurs because when the strings 
are hit by the ball, they stretch, increasing the tension. The strings are reasonably tight in the 
normal racket configuration, so when the tension is increased by a particularly hard hit, the 
tension may exceed the maximum force. 


44. (a) Compare the stress on the bone to the compressive strength to see if the bone breaks. 


F 

Stress = — = 


3.3x10 N 


A 3.6x10 m 

= 9.167 x 10 7 N/m 2 <1.7 xlO 8 n/ m 2 (Compressive Strength of bone) 


The bone will not break. 


(. b ) The change in length is calculated from Eq. 12-4. 
/ F 

A/ = — — = 

E A 


f 0.22 m ' 

A . — . Q T / 0 1 

(9. 1 67 x 1 0 7 N/m 2 ) = 

1.3xlO' 3 m 

^ 15 x 10 N/m" ) 

| \ ! 
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45. ( a ) The area can be found from the ultimate tensile strength of the material. 


Tensile Strength F f Safety Factor ^ 


Safety Factor 


A 


Tensile Strength 


— > 


A = (270 kg) (9.80 m/ s 2 ) 


7.0 


500x 10 6 N/ m 2 


= 3.704 xl0~ 5 m 2 


3.7 x 10~ 5 m 2 


(b) The change in length can be found from the stress-strain relationship, Eq. 12-5. 


F A/ „ IF 

— = E -» A/ = 


/„ 


(7.5m) (320 kg) (9.80m/s 2 ) 

AE (3.704xl0 _5 m 2 )(200xl0 9 N/m 2 ) 


2.7x10 m 


46. For each support, to find the minimum cross-sectional area with a 

„ , F Strength • , , ., 

safety factor means that — = , where either the tensile or 


F. 


mg 


A Safety Factor 1 ">0 0 m i 

compressive strength is used, as appropriate for each force. To find the ~ * 

force on each support, use the conditions of equilibrium for the beam. !♦ — t 

Take torques about the left end of the beam, calling counterclockwise 

torques positive, and also sum the vertical forces, taking upward forces as positive. 

^/r = F 2 (20.0 m)-mg(25.0 m) = 0 — > F 2 - ^ mg = 1 ,25mg 

y, F = F, + - mg = 0 — > F t = mg — F 2 = mg - 1 .25 mg = -0.25 mg 

Notice that the forces on the supports are the opposite of F, and F . So the force on support # 1 is 

directed upwards, which means that support # 1 is in tension. The force on support # 2 is directed 
downwards, so support # 2 is in compression. 


F { Tensile Strength 
A 1 ~ 9.0 

(0.25/wg) 


A =9.0- 


Tensile Strength 




= 9.0 


(0.25) (2.9 x 10 3 kg) (9.80m/s 2 ) 


40x 10 6 N/m 2 


1.6xl0“ 3 m 2 


F 2 Compressive Strength 


A =9.0- 


9.0 

(l.25mg) 


Compressive Strength 


— > 


= 9.0 


(1.25) (2.9 x 10 3 kg) ( 9 . 80 m/s 2 ) 


35xl0 6 N/m 2 


9.1xl0” 3 m 2 


47. The maximum shear stress is to be l/7 th of the shear strength for iron. The maximum stress will 
occur for the minimum area, and thus the minimum diameter. 

IFF 


F shear strength , ,, , 2 

stress = = — > A l -ny\d) = 


7.0 


shear strength 


— > 


d = 


4(7. 0)F 


28(3300N) 


I n (shear strength) v n (l70 x 10 6 N/m 2 ) 


= 1.3x10 m = 


1 .3 cm 
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48. From the free-body diagram, write Newton’s second law for the vertical direction. Solve 
for the maximum tension required in the cable, which will occur for an upwards 
acceleration. 

y' j F y = F T - mg = ma — > F T = m (g + a ) 

The maximum stress is to be l/8 th of the tensile strength for steel. The maximum stress 
will occur for the minimum area, and thus the minimum diameter. 


F 

stress max = — 


tensile strength 

8.0 


— > A x = n {\d) 2 = 


1.0F 


tensile strength 




d = 


4(8.0 )m(g + a) _ j32(3100kg)(ll.0m/s 2 ) = ^ = 


I ^(tensile strength) V ;r(500x 10 6 N/m 2 ) 


2.6 cm 


mg 


|49.| (a) The three forces on the truss as a whole are the tension force 
at point B, the load at point E, and the force at point A. Since 
the truss is in equilibrium, these three forces must add to be 0 
and must cause no net torque. Take torques about point A, 
calling clockwise torques positive. Each member is 3.0 m in 
length. 

= F t (3.0m) sin 60° -Mg (6.0m) = 0 — > 

Mg (6.0m) (66.0kN)(6.0m) 



F r = 


■ = 152kN ■ 


150kN 


(3.0 m) sin 60° (3.0 m) sin 60° 

The components of F A are found from the force equilibrium equations, and then the magnitude 
and direction can be found. 

T F ^= F T- F ^=0 Yuioriz ~ F T ~ 152kN 
T F . n = F ^-Mg = 0 F A vm ~ Mg ~ 66.0 kN 


F s = 


0, = tan 


f;, . + F; =J 

1 A honz A vert \ 

(!52kN) 

| 2 + (66.0 kN) 2 = 166kN ~ 

170kN 




F. 


Avert = tan' 1 66 ' 0kN - 23.47° : 


152kN 


23° above AC 


(. b ) Analyze the forces on the pin at point E. See the second free-body diagram. 
Write equilibrium equations for the horizontal and vertical directions. 

IXrt = F DE sin 60° - Mg = 0 -» 

Mg 66.0 kN 


F = 

DE 


= 76.2kN = 

sin 60° sin 60° 

Z F ho„z = F DE C0S 60 ° - F CV = 0 -» 


76 kN, in tension 


F ce = F de cos60° = (76.2 kN) cos 60° = 38.1kN = 3 8 kN, in compression 

Analyze the forces on the pin at point D. See the third free-body diagram. 
Write equilibrium equations for the horizontal and vertical directions. 

Yf = F nr sin 60° - F nP sin 60° = 0 — » 

/ j vert DC DE 


^ D c=^E=76.2kN 


76 kN, in compression 



© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

388 











Chapter 12 


Static Equilibrium; Elasticity and Fracture 


Z F ho„z = F BB - F DE C0S 60 ° - F DC C0S 60 ° = 0 

F DB = ( F de + F dc ) cos 60 ° = 2 (76.2 kN ) cos 60° = 76.2 kN 


76 kN, in tension 


Analyze the forces on the pin at point C. See the fourth tree-body 
diagram. Write equilibrium equations for the horizontal and vertical 
directions. 

y' F = F nr sin 60° - F nr sin 60° = 0 — > 

/ j vert BC DC 


^Bc = ^c= 76 . 2 kN 


76 kN, in tension 



Z F ho„z = F ce + F bc cos 60° + F dc cos 60° - F CA = 0 -» 

F ca = F ce + (F bc + F k ) cos 60° = 38. 1 kN + 2 (76.2 kN) cos 60° 
= 114.3kN= 1 14 kN, in compression 


Analyze the forces on the pin at point B. See the fifth free-body diagram. 
Write equilibrium equations for the horizontal and vertical directions. 
y 1 F n = F, R sin 60° - F nr sin 60° = 0 — » 

/ j vert AB BC 


7 AB=^c = 76 - 2 kN: 


76 kN, in compression 



Z^honz = F t~ F bc cos 60° - F ab cos 60° - F m = 0 -> 

F t = ( F bc + F ab ) cos 60° + F db = 2 (76.2 kN) cos 60° + 76.2kN = 152 kN 

This final result confirm s the earlier calculation, so the results are consistent. We could also 
analyze point A to check for consistency. 


50. There are upward forces at each support (points A and D) and a 

downward applied force at point C. Write the conditions for equilibrium 
for the entire truss by considering vertical forces and the torques about 
point A. Let clockwise torques be positive. Let each side of the 
equilateral triangle be of length /. 

Tf =f . + F n - F = 0 

/ j vert A D 


Y j t = F(\£)-FJ = 0 -» F d =^ = ^(i.35x10 4 n) = 6750N 

F a =F-F d = 1.35x10 4 N-6750N = 6750N 
(a) Analyze the forces on the pin at point A. See the second free-body 
diagram. Write equilibrium equations for the horizontal and vertical 
directions. 

S F « rt = F A-^ B sin60 o = 0 -> 


^AB = 


F, 


6750N 


■ = 7794 N = 

sin 60° sin 60° 

E F h„„z = F AC ~ F AB C0S 60 ° = 0 ^ 


7790 N, compression 



F ac = F ab c °s 60° = (7794 N) cos 60° = 3897N « 3900 N, tension 


By the symmetry of the structure, we also know that F vm = 7794 N ~ 1 7790 N, compression 


and 


F nc = 3897 N : 


3900 N, tension 


Finally, from consideration of the vertical forces on pin C, we 
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see that F BC = [1.35x10 N, tension 


(b) As listed above, we have struts |AB and DB under compression!, and struts [AC, DC, and BC-| 


[under compression! 


51. (a) We assume that all of the trusses are of the same cross-sectional area, and so to find the 

minimum area needed, we use the truss that has the highest force in it. That is F AI) = —r=Mg. 

V 3 

Apply the safety condition to find the area. 

F,„ Ultimate strength 


AB 

A 

A = 


7.0 


7. OF, 


7.0 Mg 


7.0(7.0xl0 5 kg)(9.80m/s 2 ) 


Ultimate strength yfi ( Ultimate strength ) V3 (500x1 0 6 N/rrf ) 


5.5x10 ~nT 


(b) 


Recall that each truss must carry half the load, and so we need to add in an additional mass 
equal to 30 trucks. As in Example 12-1 1, we will assume that the mass of the trucks acts 
entirely at the center, so the analysis of that example is still valid. Let m represent the mass of a 
truck. 

A _ 7.0 (M + 30m) g _7.0[7.0xl0 5 kg+30(l.3xl0 4 kg)](9.80m/s 2 ) 

V3 (Ultimate strength) V3 (500 x 10 6 N/ m 2 ) 


= |8.6x 10~ 2 m 2 


52. See the tree-body diagram from Figure 12-29, as modified to indicate 
the changes in the roadway mass distribution. As in that example, if the 
roadway mass is 1.40xl0 6 kg, then for one truss, we should use 


M = 7.0 x 1 0" kg. Write the conditions for equilibrium for the entire 


truss by considering vertical forces and the torques about point A. Let 
clockwise torques be positive. 


HK ett =^+F 2 -Mg = 0 


= yMg(32m) + yAfg(64m) - F 2 (64m) = 0 — > F 2 =yMg 



F l =Mg-F 2 = ±Mg 

Note that the problem is still symmetric about a vertical line through pin C. Also note that the forces 
at the ends each bear half of the weight of that side of the structure. 


Analyze the forces on the pin at point A. See the second tree-body diagram. 
Write equilibrium equations for the horizontal and vertical directions. 

S^vert “ 2 Mg ~\Mg - F m sin 60° = 0 -> 

F - -4 M g 

AB sin 60° ' ^3 


Mg . 

—j= , m compression 



y f = f 

/ j horiz A< 


■ F m cos 60° = 0 


F ac =F ab cos 60° = 2 j - 2 


Mg . 
— j=, intension 

4V3 
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Analyze the forces on the pin at point B. See the third tree-body diagram. Write 
equilibrium equations for the horizontal and vertical directions, 
y F . = F, „ sin 60° - F nr sin 60° = 0 — » 

/ j vert AB BC 


F =F = 

BC AB 


Mg 


2V3 


, in tension 



IXnz = F AB COS60 ° + F BC COS60 ° - ^DB = 0 

^DB “ (^AB + ^BC ) COS 60° = 2 | 


f Ms 'l 


Mg . 

U Sj 

cos 60° = 

— 7 =, m compression 
2V3 


By the symmetry of the geometry, we can determine the other forces. 



Mg . 


Mg . 


Mg . 

^DE = ^AB = 

— T=, m compression 
2V3 

’ F dc F bc 

— 7 =, intension 
2V3 

> ^CE = ^AC = 

— j=, intension 
4V3 


Note that each force is reduced by a factor of 2 from the original solution given in Example 12-11. 


B 


53. See the tree-body diagram from Figure 12-29. M represents the mass of 
the train, and each member has a length of /. Write the conditions for 
equilibrium for the entire truss by considering vertical forces and the 
torques about point A. Let clockwise torques be positive. 

H F ^=F,+F 2 -\Mg = 0 
Xr = iMg(i/)-F 2 ( 2/) = 0 -> F 2 = \Mg 
F { - 2 Mg ~F 2 = \Mg 

Analyze the forces on strut AC, using the tree-body diagram given in 
Figure 12-29b. Note that the forces at the pins are broken up into 
components. See the second free-body diagram. Write equilibrium 
equations for the horizontal and vertical directions, and for torques 
about point A. 

t F ^=F Ay + F Cy -±Mg = 0 

X^honz = ~ F A, + F Cx = 0 ^ F Cx = F Ax 

Xr = |Mg(|/)-F c> ,(/)= -> F Cy = ±Mg 

F Ay = 2 Mg ~ F Cy = \Mg 

Since their x components are equal and their y components are equal, F A - F c - F AC . 

Analyze the forces on the pin at point A. The components found above are forces 
of the pin on the strut, so we put in the opposite forces, which are the forces of the 
strut on the pin. See the third free-body diagram. Write equilibrium equations for 
the horizontal and vertical directions. 

^^vert = - F ACy - sin 60° = 0 -> 


D 



Fav 

% 



1 

\ 

C 


jMg 



71 


\M£ 


ACy 


F ab — 


\Mg~F ACy _ \Mg-\Mg _ Mg _ (53xl0 3 kg)(9.80m/s 2 ) 


sin 60° 


S 473 


4V3 


= 7.497 x10 4 N: 


7.5x 10 4 N, in compression 
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IX„z = F m:< ~ F ab COS 60° = 0 


F ACX =^F ab = = 3.7485 x 10 4 N « 3.7xl0 4 N, intension 

8v3 

The actual force F AC has both a tension component F ACx and a shearing component F AC . Since the 
problem asks for just the compressive or tension force, only F ACx is included in the answer. 

Analyze the forces on the pin at point B. See the fourth tree-body diagram. 4 

Write equilibrium equations for the horizontal and vertical directions. / AB 

y A = F sin 60° - F sin 60° = 0 -> ^ _ 

/ j vert AB BC “ r r\o 

F 

DB \ 

F bc = F ab = — j= = 7.5 x 10 4 N, in tension F Br \ 

4v3 

Z^horiz = F ab cos 60 ° + ^BC cos 60° - F m = 0 -» 


^b=(^b+Ocos60° = 2 


cos 60° = = 7.5 x 10 4 N, in compression 

4y3 


Analyze the forces on the pin at point C. See the fifth free-body diagram. Write 
equilibrium equations for the horizontal and vertical directions. 

Z F ve« = F BC sin 60° + F U( sin 60° - F ACy = 0 -> 


F _ F AC y F _ 1 Mg Mg _ \Mg Mg 

■* ^ n /-, / I I I 


sin 60° 


}V3 4>/3 }V3 4V3 


60°\/60° 


F C 

ACx 


7.5xl0 4 N, in tension 


Z^z = F CE + F dc cos 60° - F bc cos 60° - F ACX = 0 -> 

^e = ^ & + (^bc-^c)cos6O o = 0 + O^ |3.7x 1O 4 N, in tension 

Analyze the forces on the pin at point D. See the sixth free-body diagram. Write 
the equilibrium equation for the vertical direction. 

Z F = F nr sin 60° - F nc sin 60° = 0 — > 

/ 4 vert DE DC 


60° \D 


F = F = — 

DE DC 4V3 


7.5 x 10 4 N, in compression 


This could be checked by considering the forces on pin E. 


54. See the free-body diagram from Figure 12-29. We let m be the mass of 
the truck, x be the distance of the truck from the left end of the bridge, 
and 2/ be the length of the bridge. Write the conditions for equilibrium 
for the entire truss by considering vertical forces and the torques about 
point A. Let clockwise torques be positive. And we use half of the 
mass of the truck, because there are 2 trusses. 

Z^vcr, =^l +77 2-7 m §= 0 

J^r = jmgx-F 2 (2f) = 0 -> 

„ m gx (23000 kg) (9.80 m/s 2 ) (22 m) 

2 4/ 4(32m) 
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F 1 = \mg — F 2 = {(23000 kg) (9.80m/s 2 ) - 38740 = 73960N 

Analyze the forces on strut AC, using the tree-body diagram given in 
Figure 12-29b. Note that the forces at the pins are broken up into 
components. See the second free-body diagram. Write equilibrium 
equations for the horizontal and vertical directions, and for torques 
about point A. 

IXr, =F Av+ F C,->g = 0 

Z^horiz = ~ F M + F Cx = 0 F Cx = F Ax 

Z r = \mgx - F Cy (/) = -> 



F c v = = \ (23000 kg) (9.80 m/ s 2 ) 


22 m 
32 m 


■ = 77480N 


77,000 N 


F Ay = \mg-F Cy = i (23000 kg) (9.80 m/s 2 ) -77480 N = 35220 N « 35,000 N 
Since their x components are equal, F AC = F CA for tension or compression along the beams. 

Analyze the forces on the pin at point A. The components found above are forces 
of the pin on the strut, so we put in the opposite forces, which are the forces of the A 

strut on the pin. See the third free-body diagram. Write equilibrium equations for 
the horizontal and vertical directions. 


Z F = F - F - F 

vert 1 1 Ay AB 

73960 N 


F ab ~ 


F. F. 

1 Ay 


sin60° = 0 — > 
35220 N 


■ = 44730 N 


sin 60° sin 60° 

Z^horiz = F\ Cx ~ F ab cos 60° = 0 -» 

F ACx = F ab cos 60° = (44730 N) cos 60° = 22365 N 


4.5x 10 4 N, in compression 


2.2 x 10 4 N, in tension 


Analyze the forces on the pin at point B. See the fourth free-body diagram. 
Write equilibrium equations for the horizontal and vertical directions, 
y F = F, „ sin 60° - F„ r sin 60° = 0 — » 

/ j vert AB BC 


F =F = 

BC AB 


4.5x 10 4 N, intension 


Z F honz = F Ali cos 60° + F bc cos 60° - F DB = 0 -» 


F db = ( F ab + F bc ) cos 60° = F ab = 4.5 x 10 4 N, in compression 


Analyze the forces on the pin at point C. See the fifth free-body diagram. Write 
equilibrium equations for the horizontal and vertical directions, 
y F = F Rr sin 60° + F nr sin 60° - F r = 0 — » 

/ j vert BC DC C y 


F = 


F, 


Cy 


sin 60° 


■ F -■ 

BC 


77480 N 
sin 60° 


■ 44730N = 44740 N ^ 


4.5 x 1 0 4 N, in tension 


71 


‘A y 




Z F ho„z = F ce + F dc cos 60° - F bc cos 60° -F ACx = 0 —> 
F ce = F ACx + (F bc - F dc ) cos 60° = F ac 


2.2x10 N, intension 
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Analyze the forces on the pin at point D. See the sixth free-body diagram. Write 
the equilibrium equation for the vertical direction. 

Z F ve rt = F de sin 60° - F dc sin 60° = 0 -> 


^DE = F DC 


4.5 x 1 0 4 N, in compression 


This could be checked by considering the forces on pin E. 



|55.| We first show a free-body diagram for the entire 
structure. All acute angles in the structure are 45°. 
Write the conditions for equilibrium for the entire truss 
by considering vertical forces and the torques about 
point A. Let clockwise torques be positive. 

YF =F+F,-5F = 0 

/ j vert 1 2 



10a 

F. =F = 2.5 F 

4 a 


F t = 5F - F 2 = 2.5 F 


Note that the forces at the ends each support half of the load. Analyze the forces 
on the pin at point A. See the second free-body diagram. Write equilibrium 
equations for the horizontal and vertical directions. 

Y F = F - F - F sin 45° = 0 -» 

/ j vert 1 AB 


F.-F 
LA = 1 


sin 45° 


If 
_2 1 

I. 

2 


3 F 

Ti 


m compression 


Z F h„„z = /7 AC- 77 AB COS45 ° = 0 


3 F 


F ac =F ab cos45 ° = ^ 2 


FI 


i F, in tension 


Analyze the forces on the pin at point C. See the third free-body diagram. 
Write equilibrium equations for the horizontal and vertical directions. 


Z F ver, = F BC- F = 0 F BC = \ F . tensi0n 


;F, in tension 


Z F -F -F = 0 — > F -F = 

1 horiz 1 CE 1 AC u 7 1 CE 7 AC 

Analyze the forces on the pin at point B. See the fourth free-body diagram. 
Write equilibrium equations for the horizontal and vertical directions. 

Y F = F,„ sin 45° - F RP sin 45° - F„ r =0 — > 

/ j vert AB BE BC 




Fbc 

K_ 

c 

Fce 



F 


F=F 

BE AB 


F a , 


3 F F 


sin 45° \s[l 


F 


tension 


Z F ho„z = F AB cos 45° + F be cos 45° - F m = 0 


F db=(^ab+ F be) C 0s45O = 


3 F F 

F + S 


F 


2 F, in compression 



Analyze the forces on the pin at point D. See the fifth free-body diagram. Write 
equilibrium equations for the vertical direction. 

Z F ve n =-^E "> ^ DE =0 

All of the other forces can be found from the equilibrium of the structure. 


D 


DG 

Fn, 
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56. Draw free-body diagrams similar to Figures 12-36(a) and 12-36(b) for the 
forces on the right half of a round arch and a pointed arch. The load force 
is placed at the same horizontal position on each arch. For each half-arch, 
take torques about the lower right hand comer, with counterclockwise as 
positive. 


For the round arch: 

Z r = 77 Load(^-^)-^H ^ = 0 -» = Acad ^7^ 

round round TV 

For the pointed arch: 

F UrJ R - X )~ F U y = 0 -» F n = F Load ~~ ~ 

pointed pointed y 

Solve forg , given that F H = j F u . 

pointed round 



y = 3R = 3(y8.0 m) = [l2~m 



57. 


Each crossbar in the mobile is in equilibrium, and so the net torque about the suspension point for 
each crossbar must be 0. Counterclockwise torques will be taken as positive. The suspension point 
is used so that the tension in the suspension string need not be known initially. The net vertical force 
must also be 0. 

The bottom bar: 


Yj T = m D§ X D ~ m cgX C = 0 -> 
x n 17.50cm 

m r = 777 n - 777 n = 3.50777 n 

x c 5.00cm 

Z F > = F CD - m cS - m D g = 0 -> F c D = ( 777 c + 777 D ) g = 4.50777 D g 



The middle bar: 


X T = F cd x cd - m B S X B = 0 -> ^CD = m B§— -> 4 -50777 D g = rn B g — 


m B X B 


(0.748kg) (5.00 cm) 


4.50 x CD (4.50) (15.00cm) 

77? c = 3.507?7 d = (3.50) (0.05541kg) = E 


= 0.05541 = 5.54xl0“ 2 kg 


ZE = ^BCD - F cn c - m B§ = 0 F BCD = F CD + ™B§ = (4.50777 D + 777 B ) g 
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The top bar: 

Yj T = m sgx A ~F l 

(4.50»2 d + m B )gx l 


x — 0 — > 

BCD^BCD v 7 




= (4.50»? d + m n ) - 


= [(4.50)(0.05541 kg) + 0.748 kg] 


7.50 cm 
30.00 cm 


0.249 kg 


'« A g 


58. From the free-body diagram (not to scale), write the 
force equilibrium condition for the vertical direction. 
'y' p = 2 F T sin 6 - mg = 0 

(60.0kg) (9.80m/s 2 ) 


18m 


F t = 


mg 


mg 


2 sin # 2 tan # 


2.1m 

18m 



2500N 


Note that the angle is small enough (about 7°) that we have made the substitution of sin# ~ tan# . 


It is not possible to increase the tension so that there is no sag. There must always be a vertical 


component of the tension to balance the gravity force. The larger the tension gets, the smaller the 
sag angle will be, however. 


59. (a) If the wheel is just lifted off the lowest level, then the only 

forces on the wheel are the horizontal pull, its weight, and the 

contact force F N at the comer. Take torques about the comer 

point, for the wheel just barely off the ground, being held in 
equilibrium. The contact force at the comer exerts no torque 
and so does not enter the calculation. The pulling force has a 
lever arm of R + R- h = 2R-h, and gravity has a lever arm of 
x , found from the triangle shown. 

x = ^R 2 -(R-hf = y jh(2R-h) 

Y J T = Mgx-F(2R-h) = 0 -> 

Mgx yjh(2R-h) 

F = = Mg — 

2R-h 2 R-h 

( b ) The only difference is that now the pulling force has a lever arm 
of R-h. 

Y J T = Mgx-F(R-h) = 0 -> 

„ _ Mgx 

R-h 


\4rr ^ 

l h(2R-h) 

ivig 

R-h 


Mg, 


h 


2 R-h 
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60. The mass is to be placed symmetrically between two legs of the table. 
When enough mass is added, the table will rise up off of the third leg, 
and then the normal force on the table will all be on just two legs. 
Since the table legs are equally spaced, the angle marked in the 
diagram is 30°. Take torques about a line connecting the two legs 
that remain on the floor, so that the normal forces cause no torque. It 
is seen from the second diagram ( a portion of the first diagram but 
enlarged) that the two forces are equidistant from the line joining the 
two legs on the floor. Since the lever arms are equal, then the torques 


will be equal if the forces are equal. Thus, to be in equilibrium, the two • 

forces must be the same. If the force on the edge of the table is any ; \ 

bigger than the weight of the table, it will tip. Thus M> 28 kg will 30 \R 

— l \ 

cause the table to tip. m g 

• J -• 


R/2 R/2 



61. (a) The weight of the shelf exerts a downward force and a 
clockwise torque about the point where the shelf 
touches the wall. Thus there must be an upward force 
and a counterclockwise torque exerted by the slot for 
the shelf to be in equilibrium. Since any force exerted 
by the slot will have a short lever arm relative to the 
point where the shelf touches the wall, the upward force 
must be larger than the gravity force. Accordingly, there then must be a downward force 
exerted by the slot at its left edge, exerting no torque, but balancing the vertical forces. 

( b ) Calculate the values of the three forces by first taking torques about the left end of the shelf, 
with the net torque being zero, and then sum the vertical forces, with the sum being zero. 

X T = (2.0 X 1(T 2 m) - mg ( 17.0 X 1(T 2 m) = 0 — > 



^Right = (6.6 kg) (9. 80 m/s 2 ) 


17.0x10 m 
2.0xlCT 2 m 


= 549.8N = 550N 


H F y = F > Right 

F Left = - mg = 549.8 N - (6.6 kg) (9.80 m/s 2 ) = |490N 

mg = (6.6 kg) (9. 80 m/s 2 ) = 65 N 

(c) The torque exerted by the support about the left end of the rod is 
T = C R , ght (2.0xl0 _2 m) = (549.8 N) (2.0 xl0~ 2 m) = |llm-N 


62. Assume that the building has just begun to tip, so that it is 

essentially vertical, but that all of the force on the building due to 
contact with the Earth is at the lower left comer, as shown in the 
figure. Take torques about that comer, with counterclockwise 
torques as positive. 
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Z r = F a (90.0 m) -mg (23.0 m) 

= [(950N/m 2 ) (180.0 m) (76.0 m)] (90.0 m) - (l.8 x 10 7 kg) (9.80 m/s 2 ) (23.0 m) 

= -2.9xl0 9 m*N 

Since this is a negative torque, the building will tend to rotate clockwise, which means it will rotate 


back down to the ground. Thus the building will not topple 


63. The truck will not tip as long as a vertical line down from the CG is between 
the wheels. When that vertical line is at the wheel, it is in unstable equilibrium 
and will tip if the road is inclined any more. See the diagram for the truck at 
the tipping angle, showing the truck’s weight vector. 

x x 1.2 m 

tan 8 = — — > 8 = tan — = tan 

h h 2.2 m 


29° 



64. Draw a force diagram for the cable that is supporting the right-hand section. The forces will be the 
tension at the left end, F T2 , the tension at the right end, F T1 , and the weight of the section, mg. The 

weight acts at the midpoint of the horizontal span of 
the cable. The system is in equilibrium. Write 
Newton’s second law in both the x andy directions to 
find the tensions. 

£ F = F T1 cos 1 9° - F T2 sin 60° = 0 ->■ 
cos 19° 

Z7 _ Lf 

^T2 ^T1 


sin 60° 

Z F = F T2 cos 60° - F T1 sin 1 9° - mg = 0 — > 



F = 

T1 


F T2 cos 60° - mg 


cos 19° 

F t , cos 60 - mg 

sm60 


sin 19° 


sin 19° 


— > 


F T i = mg 


sin 60° 


( cos 1 9° cos 60° - sin 1 9° sin 60° ) 


= 4.539w7g= A.5mg 


F = F 

± T2 T1 


cos 19 . ... eosl9 . 

= 4.539 mg = 4.956 mg ~ 5.0 mg 


sin 60° 


sin 60° 


To find the height of the tower, take torques about the point 
where the roadway meets the ground, at the right side of the p 

roadway. Note that then F T1 will exert no torque. Take 
counterclockwise torques as positive. For purposes of 
calculating the torque due to F T2 , split it into x andy components. 

Z r = mg (t d x ) + F T2x h ~ F Jly d ] = 0 -» 



h = 


{F-ny—^mg) (F T2 cos60°->g) (4.956 mg cos 60° -0.50 mg^j 


F- 


-d l = 


F T2 sin 60° 


d { = ■ 


4.956 mg sin 60° 


-(343 m) 


= 158 ml 
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65. We consider the right half of the bridge in the diagram in the book. We divide it into two segments 
of length d x and \d 2 , and let the mass of those two segments be M. Since the roadway is uniform, 

the mass of each segment will be in proportion to the length of the ^ 

section, as follows. p vh W /Ni p 

m, id, d , „ m , 

— L = - ? — -> — = 2 — 

m l d x d x m x L 

The net horizontal force on the right tower is to be 0. From the force F N 

diagram for the tower, we write this. * 

F T3 sin F = F T2 sin 9, 

From the force diagram for each segment of the cable, write Newton’s second law for both the 
vertical and horizontal directions. , 

Right segment: 

^ F = F T1 COS 6* - F T2 sin F = 0 —> F rz right segment, d x 

F ti cos 9 x = F T2 sin F, I 

Z F = F T2 cos 9 , - F ti sin F - m. g = 0 — > _ 

v T2 2 T1 1 is W[ g F T1 

- F T2 cos F, - F T1 sin 9 X 


right segment, d x 


Left segment: 

y'] F. - F T3 sin 9 3 -F T4 = 0 —> F T3 sin # 3 = F T , 

X = F T) cos ^ “ m i§ = 0 

772 2 g = F T3 COS F 


left segment, d 2 /2 


We manipulate the relationships to solve for the ratio of the 
masses, which will give the ratio of the lengths. 

sin F 

F T1 cos 9 x = F T2 sin 9 2 — > F T1 = F T2 - 


i x g ~ Fj , cos F - F T1 sin = F T2 cos F - F T 


sin F . 


sin F . 


^ ^ Mil t/, . ^ 

<9, = F T2 cos F sin 9 X 


sin F sinF 

F T3 sin F, = F T2 sm F — » F T3 = F T2 — — > m 2 g = F T3 cos 9, = F T2 — — - cos F, 


^2,0 _ 2 ™ 2 g 

d x m x m x g 


sin F „ 
2 F„ cos F 


f sinF . „ 
F, cos F sm 9, 


2 sin F cos F, cos F, 

(cos F cos F, - sin F, sin F, ) sin F, 


2sinF,cosF 2sin60°cosl9° . 

— ! — = = 3.821 

cos (6* + F ) tan F 3 cos 79° tan 66° 


66. The radius of the wire can be determined from the 

relationship between stress and strain, expressed by Eq. 12-5. 


F A/ 
— = E 


F/ 

A = = nr 2 

E\£ 


IF/ 

r - -——E- 
\7T E A/ 
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Use the tree-body diagram for the point of connection of the mass to the wire to determine the 
tension force in the wire. 


^ „„ • „ n , „ mg (25 kg) (9. 80 m/s 2 ) 

> F = 2Rsm#-mg = 0 — > F T = = 589.2 N 

^ y 2 sin# 2 sin 12° 

The fractional change in the length of the wire can be found from the geometry 
of the problem. 

/, 1 2 A/ 1 . 1 


cos# = 


/ 0 + A/ 


/„ cos# cos 12° 


■ 1 = 2.234x 1(T 


Thus the radius is 


1 F / 

r _ r r *0 

\n E A/ 


1 589.2 N 1 

in 70xl0 9 N/m 2 (2.234xl(T 2 ) 


3.5x10“^ 



67 


The airplane is in equilibrium, and so the net force in 
each direction and the net torque are all equal to zero. 
First write Newton’s second law for both the horizontal 
and vertical directions, to find the values of the forces. 


Y j f*=f d -f t = 0 -> f d =f t 

=F l - mg = 0 


5.0x10 5 N 


F l - mg = (7.7 xl0 4 kg)(9.80m/s 2 ) = 7.546xl0 5 N 



Calculate the torques about the CM, calling counterclockwise torques positive. 
Y J ? = F L d-F D h l -F T h 2 = 0 




F L d 


■F T h 2 


F n 


(7.546x10 5 n)( 3.2 m) - (5.0x 10 5 n) ( 1.6 m) 
(5.0xl0 5 N) 


3.2 m 


68. Draw a tree-body diagram for half of the cable. Write Newton’s 
second law for both the vertical and horizontal directions, with the 
net force equal to 0 in each direction. 

7, F y = F Tl sin 56 ° -\mg = 0 — > F Tl = j m " = 0.603 mg 

' sin 56° 

= F T1 - F T1 cos 56° = 0 

F t2 = 0.603 mg (cos 56°) = 0.337 mg 
So the results are: 



(a) 

(b) 

(c) 


F = 

1 T2 


0.34/wg 


F = 

1 T1 


0.60»7g 


The direction of the tension force is tangent to the cable at all points on the cable. Thus the 
direction of the tension force is 


horizontal at the lowest point 


, and is 


56° above the horizontal at the attachment point . 
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69. (a) For the extreme case of the beam being ready to tip, 
there would be no normal force at point A from the 
support. Use the ffee-body diagram to write the 
equation of rotational equilibrium under that 
condition to find the weight of the person, with 
F a = 0. Take torques about the location of support 


B 


D 


3.0 m 


7.0 m 5.0 m 5.0 m 


™ B g 


W 


B, and call counterclockwise torques positive. W is the weight of the person. 
- m B g(5.0m) - W (5.0m) - 0 — > 


W = m B g = 


650 N 


F A =0 


(b) With the person standing at point D, we have already assumed that 
the vertical direction must also be zero. 

Y J F y =F A +F B -m B g-W = 0 -» F b = m a g + = 650N + 650N = 

(c) Now the person moves to a different spot, so the 
free-body diagram changes as shown. Again use the 
net torque about support B and then use the net 
vertical force. 

= »2 g g(5.0m) - W (2.0 m) - F A (12.0 m) = 0 
»2 s g(5.0m) - W (2.0m) (650N)(3.0m) 


The net force in 


1300N 


2.0 m 


C A 

?! 

i ° 

3.0 m 

7.0 m 

5.0 m 

n 





F k W 


Fa=- 


12.0m 


12.0m 


= 162.5N : 


160N 


B 


^F r =F A +F B -m B g-W = 0 -> F b = m B g + W - F, = 1300 N - 160 N = 1 140 N 

(d) Again the person moves to a different spot, so the 2 0m 

free-body diagram changes again as shown. Again C A 
use the net torque about support B and then use the 
net vertical force. 

y t = m B g( 5.0 m) + W (10.0 m)-F ( (12.0 m) = 0 


3.0 m 


4 


| 5.0 m 5.0 m j 


W 


™ B g 


Fa = 


m B g (5.0 m) + W(l0.0 m) (650 N)(5.0 m) + (650 N)(l0.0 m) 


12.0 m 


12.0 m 


810 N 


Y j F r =F A +F B -m B g-W = 0 -> F b = m n g + W - F„ - 1300 N -810 N = 490 N 


D 


70. 


If the block is on the verge of tipping, the normal force will be acting at the 
lower right comer of the block, as shown in the free-body diagram. The 
block will begin to rotate when the torque caused by the pulling force is 
larger than the torque caused by gravity. For the block to be able to slide, 
the pulling force must be as large as the maximum static frictional force. 
Write the equations of equilibrium for forces in the x and y directions and 
for torque with the conditions as stated above. 


Yj F y = F x ~ mg = 0 F s = mg 

Z F x =F~F tr =0 -» F = F tr = ,uF., = ,umg 

Z t mg / 

T = mg — - Fh = 0 — > — — = Fh = jumgh 
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/ 

Solve for the coefficient of friction in this limiting case, to find jU s = — . 

2 h 


(a) If ju s <f/ 2h , then sliding will happen before tipping. 


( b ) If ft > £/2h , then tipping will happen before sliding. 


71 . The limiting condition for the safety of the painter is the 
tension in the ropes. The ropes can only exert an upward 
tension on the scaffold. The tension will be least in the 
rope that is farther from the painter. The mass of the pail is 
m p , the mass of the scaffold is m, and the mass of the 
painter is M. 


F left 

= 0 


F 

right 

i 




1 1.0 m 

1.0m! 

t 

! 1.0 ml 

1.0 ml 2.0 m 

x \ 


J 

m „g 

T 

mg 

Mg 


Find the distance to the right that the painter can walk before the tension in the left rope becomes 
zero. Take torques about the point where the right-side rope is attached to the scaffold, so that its 
value need not be known. Take counterclockwise torques as positive. 

= ff?g(2.0m) + ff? p g(3.0m) -Mgx = 0 — > 

m(2.0m) + m (3.0m) (25kg) (2.0m) + (4.0kg) (3.0m) „ ncoo n nc 

x = = — — — = 0.9538 m = 0.95 m 


M 


65.0kg 


The painter can walk to within 5 cm of the right edge of the scaffold. 


Now find the distance to the left that the painter can walk 
before the tension in the right rope becomes zero. Take 
torques about the point where the left-side tension is 
attached to the scaffold, so that its value need not be 
known. Take counterclockwise torques as positive. 

^ r = Mgx - m p g ( 1 .0 m) - mg ( 2.0 m) = 0 — > 



F right = 0 


2.0 m ' 1,0 m 


m 


x = ■ 


(2.0m) + m v (1.0m) _ (25kg) (2.0m) + (4.0kg) (l.Om) 


M 


65.0 kg 


= 0.8308m = 0.83m 


The painter can walk to [within 1 7 cm of the left edge) of the scaffold. We found that both ends are 
dangerous. 


72. (a) 


(b) 


The man is in equilibrium, so the net force and the net torque on him must 
be zero. We use half of his weight, and then consider the force just on 
one hand and one foot, considering him to be symmetric. Take torques 
about the point where the foot touches the ground, with counterclockwise 
as positive. 

YjT = \ mgd , -F h (d { + d 2 ) = 0 

F _ mgd 2 _ (68 kg) (9.80 m/s 2 ) (0.95m 
h ~2 (d l +d 2 )~ 2(1.37 m) 

Use Newton’s second law for vertical forces to find the force on the feet. 

Ys F y = 2F h + 2F t ~ m S = 0 

F { =\mg-F h = {(68kg)(9.80m/s 2 ) -231N = 103N ~ 

The value of 100 N has 2 significant figures. 


100N 


■ = 231N 


230N 



© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

402 









Chapter 12 


Static Equilibrium; Elasticity and Fracture 


73. The force on the sphere from each plane is a normal force, and so is perpendicular 

to the plane at the point of contact. Use Newton’s second law in both the 

horizontal and vertical directions to determine the magnitudes of the forces. 

^ . „ „ „ „ sin# „ sin 67° 

f * = F l sm# L -F R sm# R =0 F R = F L —^ = F, 


sin # R 

'y' J F v = F h cos # l + F r cos # r - mg = 0 — > F L cos 67° + 
mg 


sin 32° 


sin 67° 


F c= 7 


sin 32° 

(23kg)(9.80m/s 2 ) 


cos 32° = mg 



F ,= F L 


cos67° + ^tT7 CO s32 0 
V sin 32° 

sin 67° 


eos67° + Sm67 ^eos32° 


sin 32° 


= 120.9N 


120 N 


, .sin 67° 

= (120.9N) = 210. ON 

sin 32° sin 32° 


210N 


74. See the ffee-body diagram. The ball is at rest, and so is in equilibrium. Write 
Newton’s second law for the horizontal and vertical directions, and solve for the 
forces. 


E F honz=^B Sin 6 , B-^A Sin 6 , A =0 “> F B = F A ~ 


sin# A 


sin#. 


Z F ve rt = F a cos 6 a ~ F b cos 0 B -mg = O -> F, cos # A = F a cos # b + mg -> 


f a cos # a = F a 


F a = mg 


sin# A 

sin#,. 


cos # B + mg -ri F a 


cos # A 


sin#. 




sin# u 


cos # u 


= mg — > 


J 


sin# u 


sin# u 



sin53° 


- mg— 


(cos # A sin # B - sin # A cos # B ) sin (# B - # A ) 


(I5.0kg)(9.80m/s 2 )— — 


sin 3 1 c 


= 228N = 1 23 ON 

F b =F a ^ = (228N)^ = 107N 
sin #„ sin53 


110N 


75. Assume a constant acceleration as the person is brought to rest, with up as the positive 
direction. Use Eq. 2- 12c to find the acceleration. From the acceleration, find the average 
force of the snow on the person, and compare the force per area to the strength of body 
tissue. 


2 2 

V -v„ 


a = 


0 - (55 m/s) 2 /2 

= — y (— = 15 13 m/s 


v 2 = v 2 -2a(x-x 0 ) . - . . . . 

2(x-x 0 ) 2(-1.0m) 

F ma (75kg)(l513m/s 2 ) , , , , . , 

— = = = 3.78 x 10^ n/ m' < Tissue strength = 5x10’ N/m‘ 


A A 


0.30m 


I 

\m g 


Since [the average force on the person is less than the strength of body tissue) , the person may escape 
serious injury. Certain parts of the body, such as the legs if landing feet first, may get more than the 
average force, though, and so still sustain injury. 
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76. The mass can be calculated from the equation for the relationship between stress and strain. The 
force causing the strain is the weight of the mass suspended from the wire. Use Eq. 12-4. 


A/ _ 1 F _ m § _ EA A/ 

/„ E A EA g / 


. ^(l. 15x10 m) 0.030 

200x10 s N/ m 2 ) — j— 1 

V ' (9. 80 m/s 2 ) 100 


77. To find the normal force exerted on the road by the trailer tires, take the 
torques about point B, with counterclockwise torques as positive. 

= mg(5.5 m)-F A (8.0 m) = 0 — ■> 


F a = mg 


■ (2500kg) (9. 80m/s 2 ) = 16,844N 

v 'l 8.0m, 




m 

8 / t 

r\ 


LJ 

1 ^ B 

F A r"T"- "1 

2.5 m 

5.5 m 


~ |l.7xl0 N| 

The net force in the vertical direction must be zero. 

Z F r = F H + F A - m S = 0 

F d = mg - F a = (2500 kg)(9.80m/s 2 )-16, 844 N = 7656N ~ |7.7xl0 3 ~N~ 

78. The number of supports can be found from the compressive strength of the wood. Since the wood 
will be oriented longitudinally, the stress will be parallel to the grain. 

Compressive Strength _ Load force on supports _ Weight of roof 

Safety Factor Area of supports (# supports) (area per support) 

^ 3 ) _ Weight of roof Safety Factor 

(area per support) Compressive Strength 

(l.36xl0 4 kg)(9.80m/s 2 ) 12 

= — -7 — 7 — -T- = 12.69 supports 

(0.040 m) (0.090 m) (35xl0 6 N/nr) 

Since there are to be more than 12 supports, and to have the same number of supports on each side, 
there will be 14 supports, or 7 supports on each side . That means there will be 6 support-to-support 

spans, each of which would be given by Spacing = ^ m = 1.66 m/ gap . 

6 gaps 


= 12.69 supports 


79. The tension in the string when it breaks is found from the ultimate strength of nylon under tension, 
from Table 12-2. 

F 

— = Tensile Strength — » 

A 

F t = A (Tensile Strength) 

= ;r[y(l.l5xl0“ 3 m)] 2 (500xl0 6 N/m 2 ) = 519.3N 

From the force diagram for the box, we calculate the angle of the rope relative to the horizontal from 
Newton’s second law in the vertical direction. Note that since the tension is the same throughout the 
string, the angles must be the same so that the object does not accelerate horizontally. 
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Zf„ = 2F T sin 9 - mg = 0 — > 

. _ 1 (25kg)(9.80m/s 2 ) 


a • -i m S 
9 = sm = sin 

2 F 


= 13.64° 



2(519.3N) 

To find the height above the ground, consider the second 
diagram. 

tan<9 = — — > h = 3.00m-2.00m(tan$) = 3.00m - 2.00m(tanl3.64°) = 

2.00m 


2.5m 


80. See the tree-body diagram. Assume that the ladder is just ready to slip, so 
the force of static friction is F fr = //F N . The ladder is of length £, and so 

d x = \ / sin 9, d 2 -\£ sin 9, and d 2 = / cos 9. The ladder is in 

equilibrium, so the net vertical and horizontal forces are 0, and the net 
torque is 0. We express those three equilibrium conditions, along with the 
friction condition. Take torques about the point where the ladder rests on 
the ground, calling clockwise torques positive. 

Z F vc rt = F a y - mg - Mg = 0 -> F Gy = (m + M)g 

=/ 7 G,- F W =0 F G< = F W 

mgd x + Mgd 2 


Z T = m Z d \ + M S d 2 - F W d 3 = 0 


F w 


d. 



F fr - F F k F Gx - F F G y 

These four equations may be solved for the coefficient of friction. 

mgd x + Mgd 2 

m (y/sin 9) + M (f/sin 9) 


d. 


md, + Md . 


F F 

m = F* = Fy = _ 

F Gy (m + M^g (m+M^g d } (m + M) 

_ {\m + \M)itm9 _ [^(16.0 kg) + f (76.0kg)]tan20.0° 


(/ cos9)(m + M ) 


(m + M) 


(92.0 kg) 


0.257 


8 1 . The maximum compressive force in a column will occur at the bottom. The bottom layer supports 
the entire weight of the column, and so the compressive force on that layer is mg . For the column to 
be on the verge of buckling, the weight divided by the area of the column will be the compressive 
strength of the material. The mass of the column is its volume (area x height) times its density. 

Compressive Strength 


rn ^ L = Compressive Strength = — 
A A 


h = ■ 


Pg 


Note that the area of the column cancels out of the expression, and so the height does not depend on 
the cross-sectional area of the column. 


(«) /7 S ,eel = 


(b) K 


Compressive Strength _ 
Pg 

_ Compressive Strength 
Pg 


500xl0 6 N/m 2 


(7.8xl0 3 kg/ m 3 ) (9.80 m/s 2 ) 
170x10 s N/m 2 

~ (2.7xl0 3 kg/ m 3 )(9.80m/s 2 ) 


6500 m 


6400 m 
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82. See the free-body diagram. Let M represent the mass of the train, and 
m represent the mass of the bridge. Write the equilibrium conditions 
for torques, taken about the left end, and for vertical forces. These 
two equations can be solved for the forces. Take counterclockwise 
torques as positive. Note that the position of the train is given by 
x = vt. 

'Yjl = Mgx + mg(\£)-F/ = 0 

r? , , W MgX’ _ 


F B zz \ M S- + y mg \ = 


t + 2 mg 


(95000 kg) (9.80 m/s 2 )^(80.0km/h) 
280 m 


lm/s 

3.6km/h 



F b " 


1 

1 

, Mg 

1 

1 

W p 

n 


t + ^(23000 kg) (9.80m/s 2 ) 


= (7.388xl0 4 N/s)t + 1.127 x 10 5 N = (7.4xl0 4 N/s)f + 1.1 x10 5 N 
Yj F ™« =F a +F b ~Mg-mg = 0 

F a = (M + m)g-F a = (l.l8xl0 5 kg)(9.80m/s 2 )-[(7.388xl0 4 N/s)t + 1.127xl0 5 N] 
= -(7.388xl0 4 N/s)t + 1.044 x 10 6 N = -(7.4xl0 4 N/s)t + 1.0 x10 6 N 


83. Since the backpack is midway between the two trees, the angles in the - -y - -- 

free-body diagram are equal. Write Newton’s second law for the vertical 
direction for the point at which the backpack is attached to the cord, with jr 

the weight of the backpack being the original downward vertical force. 


F y — 2F J() sin 0 () - mg — 0 -> F J0 = 


2 sin 6 n 


Now assume the bear pulls down with an additional force, F bear . The force equation would be 
modified as follows. 

V F = 2 F t , sin O r .-mg- F, =0 — > 

y 1 final final <-> bear 


^bear = 2F T final Sil1 ^final " = 2 { 2F J 0 ) Sil1 ^final " ™g = 4 


2 sin 


sin ^ fi „ai ~ m § 


■ nig 2sm<9final -1 = (23.0kg) (9.80m/s 2 )[ 2 Sm2? - 1 ] = 565.3 N « I570N 
sinft \ sin 15° J 


84. ( a ) See the free-body diagram. To find the tension in 
the wire, take torques about the left edge of the 
beam, with counterclockwise as positive. The net 
torque must be 0 for the beam to be in equilibrium, 
y r = mgx + Mg (f/)-F T sin 0/ = 0 — » 

mg Mg 

/ sin 6 2 sin# 

We see that the tension force is linear in x. 
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( b ) Write the equilibrium condition for vertical and horizontal forces. 

^ g(2mx + M£) 

/ F - F,. -F t cos# = 0 — > F.. - F T cos# = — -cos# = 

x hinge 1 hinge 1 


2/ sin# 


g{lmx + M£) 


2/ tan # 


Z F , = F h,„ gc + F 1 sin 0 - (m + M) g = 0 


— » 


F hmge = ( m + M) g - F t sin# = (m + M) g - 

vert 


g(2mx + M£) . 


2/ sin# 


sin# = 


mg 


1 - y I + 2 Mg 


|85.| Draw a tree-body diagram for one of the beams. By Newton’s third 
law, if the right beam pushes down on the left beam, then the left beam 
pushes up on the right beam. But the geometry is symmetric for the 
two beams, and so the beam contact force must be horizontal. For the 
beam to be in equilibrium, F s = mg and so F fr = // S F N = jumg is the 
maximum friction force. Take torques about the top of the beam, so 
that F beam exerts no torque. Let clockwise torques be positive. 

= F u £ cos# -mg (\£) cos # - F b £ sin # = 0 — > 

1 1 


45° 



# = tan 1 = tan 1 

2 M. 2(0.5) 


86. Take torques about the elbow joint. Let clockwise torques be positive. Since the arm is in 
equilibrium, the total torque will be 0. 

'YjT = (2.0kg) g (0.15m) + (35kg) g (0.35 m) (0.050 m) sin 105° = 0 -> 

(2.0kg)g(0.15m) + (35kg)g(0.35m) 


F =■ 


(0.050m)sinl05° 


= 2547 N 


2500N 


87. (a) Use the tree-body diagram in the textbook. To find the magnitude of F M , take torques about an 

axis through point S and perpendicular to the paper. The upper body is in equilibrium, so the 
net torque must be 0. Take clockwise torques as positive. 

= [w T (0.36m) + w A (0.48m) + w H (0.72 m)]cos30° - F M (0.48m)sinl2° = 0 — > 

\w T (0.36 m) + w A (0.48 m) + w n (0.72 m)] cos 30° 

M_ (0.48m) sin 12° 

_ w[(0.46) (0.36m) + (0.12)(0.48m) + (0.07)(0.72m)]cos30° 

(0.48m) sin 12° 

(. b ) Write equilibrium conditions for the horizontal and vertical forces. 

Use those conditions to solve for the components of F v , and then 
find the magnitude and direction. Note the free-body diagram for 
determining the components of F M . The two dashed lines are 
parallel, and so both make an angle of # with the heavy line 
representing the back. 


= 2.374w ~ 2.4w 
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IX, Z = F Vhom - F m cos (30° - 12°) = 0 -> 

F Vhonz = F m cos 18° = (2.374w)cosl8° = 2.258w 
2X* = F vve« - F U sin (30° - 12°) - w T - w A - w H = 0 -» 

F Vv ert = F u sinl8° + w T + w A + w H - (2.374w)sinl8° + 0.65w = 1.384w 

= -y/(2.258w) 2 + (l.384w) 2 = 2.648w - \l.6w 
, 1.384w 




__ / /r 2 + /r 2 = 

A horiz " r •‘Vvert 


F 

6,, = tan -1 — = tan 


F vh . 2.258 w 

V horiz 


= 31.51° = 32° above the horizontal 


3. We are given that rod AB is under a compressive force F. Analyze the forces on 
the pin at point A. See the first free-body diagram. Write equilibrium equations 
for the horizontal and vertical directions. 


F. 


Y F, . = F cos 45° - F - 0 -> F A = 

horiz AD AB AD a e-n 

cos 45 

Vf -F sin 45° = 0 -» 

/ j vert AC AD 

>/2 


y/2F, in tension 



^ac = ^ad sin 45° = sflF — = 

r 


F, in compression 


By symmetry, the other outer forces must all be the same magnitude as F AB , and the other diagonal 
force must be the same magnitude as F . 


F AC = F AB = F im = F cd = F ’ in compression 


F =F = 

AD BC 


yf2F, in tension 


89. (a) The fractional decrease in the rod’s length is the strain Use Eq. 12-5. The force applied is the 
weight of the man. 

A/ _ F mg _ (65kg) (9.80 m/s 2 ) 

/ 0 AE nr 2 E tt( 0.15) 2 (200xl0 9 N/m 2 ) 

(. b ) The fractional change is the same for the atoms as for the macroscopic material. Let d represent 
the interatomic spacing. 


= 4.506x10 = 


(4.5x10 _6 )% 


Ad AE „ 

— = — = 4.506 xlO -8 -» 

Ad = (4.506 xlO -8 )rf 0 = (4.506 xlO' 8 ) (2.0 xl0‘ lo m) = 


9.0x 10~ l8 m 


90. (a) See the free-body diagram for the system, showing forces on the engine 
and the forces at the point on the rope where the mechanic is pulling (the 
point of analysis). Let m represent the mass of the engine. The fact that 
the engine was raised a half-meter means that the part of the rope from 
the tree branch to the mechanic is 3.25 m, as well as the part from the 
mechanic to the bumper. Lrom the free-body diagram for the engine, we 
know that the tension in the rope is equal to the weight of the engine. 

Use this, along with the equations of equilibrium at the point where the 
mechanic is pulling, to find the pulling force by the mechanic. 
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Angle: 9 = cos 


3.0m 

3.25m 


22.62° 


(b) 


Engine: = F r - mg = 0 — » F T = mg 

Point: YF =F- 2F t sin 6 = 0 — > 

F = 2mgsin6 = 2 (280 kg) (9.80 m/s 2 ) sin 22.62° = 211 IN 


2100N 


, , , Load force mg 

Mechanical advantage = = 

Applied force F 


(280kg) (9.80 m/s 2 ) 
2111N 


1.3N 


91 


Consider the ffee-body diagram for the box. The box is assumed to 
be in equilibrium, but just on the verge of both sliding and tipping. 
Since it is on the verge of sliding, the static frictional force is at its 
maximum value. Use the equations of equilibrium. Take torques 
about the lower right comer where the box touches the floor, and 
take clockwise torques as positive. We also assume that the box is 
just barely tipped up on its comer, so that the forces are still parallel 
and perpendicular to the edges of the box. 


J J F y = F ii -W = 0 -> F„=W 
Y i F x =F-F (i = 0 -» F = F fi = jUW = (0.60)(250N) = 

'^ j T = Fh-W( 0.5m) = 0 — > h = (0.5m)— = (0.5m) 


150N 


< 1.0m > 



0.83m 


92. 


93. 


See the ffee-body diagram. Take torques about the pivot 
point, with clockwise torques as positive. The plank is in 
equilibrium. Let m represent the mass of the plank, and M 
represent the mass of the person. The minimum nail force 
would occur if there was no normal force pushing up on the 
left end of the board. 

= mg (0.75 m) cos 9 + Mg (2.25 m) cos 9 

- F „a lls (0-75 rn) cos 0 = 0 -> 


7?7e(0.75m) + Mg(2.25m) 

^a, = Z + 3 Mg 

(0.75 m) 

= (45kg + 3 (65 kg)) (9.80 m/s 2 ) = 2352 N 


1 2400 N I 



W. 


(a) Note that since the friction is static friction, we may NOT 
use F & = juF^. It could be that F fr < ,uF^. So, we must 

determine F fr by the equilibrium equations. Take an axis of 
rotation to be out of the paper, through the point of contact of 
the rope with the wall. Then neither F T nor F tr can cause 
any torque. The torque equilibrium equation is as follows. 

F N h = mgr 0 -» F n = — 
h 

Take the sum of the forces in the horizontal direction. 
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F n = F t sin 6 


f t =- Fn 


m S r 0 


sin 6 h sin 0 
Take the sum of the forces in the vertical direction. 
F t cos 6 + F fr = mg — > 


F h = mg - F t cos 6 = mg - 


mgr 0 cos (9 




mg 


1-— cot# 
h 


h sin # 

(b) Since the sphere is on the verge of slipping, we know that F ft = juF t 

mgr 0 


F u = M F s 


mg 


f r ^ 

1 — — cot # 
h 


= M- 


h 


(h 1 


h 

cot# 

= M = 

cot 6 

U J 


r o 


94. There are upward forces at each support (points A and D) and a 
downward applied force at point C. To find the angles of members 
AB and BD, see the tree-body diagram for the whole truss. 


, 6.0 

6, = tan — = 56.3° 


, 6.0 

#„ = tan — = 45° 


4.0 6.0 

Write the conditions for equilibrium for the entire truss by 
considering vertical forces and the torques about point A. Let 
clockwise torques be positive. 

Y F = F \+F n -F = 0 

/ j vert A D 


= F (4.0 m)-F D (l 0.0 m) = 0 -» F D =F 


F A =F-F D = 12,000N-4800N = 7200N 


4.0 

10.0 


= (12,000 



Analyze the forces on the pin at point A. See the second tree-body diagram. 
Write equilibrium equations for the horizontal and vertical directions. 

Y F = F. - F.„ sin 6. =0 — > 

/ j vert A AB A 


^AB = 


F, 


7200 N 


sin(9 A sin56.3° 


= 8654 N ■ 


8700 N, compression 


Z F honz = F AC - F AB C0S 9 A = 0 -> 

F ac =F ab cos e K = (8654 N) cos 56.3° = 4802 N 


4800 N, tension 


A 




Analyze the forces on the pin at point C. See the third tree-body diagram. 
Write equilibrium equations for the horizontal and vertical directions. 


Z F ver, = F bc~F = 0 -» F nc - F - 1 12, 000 N, tension 

Z F h„„z = F cd- F ac =0 F c:n = F ac = 1 4800 N, tensic 

Analyze the forces on the pin at point D. See the fourth tree-body diagram. 
Write the equilibrium equation for the horizontal direction. 
y F = F nn cos 6* - F rn =0 — > 

/ j vert BD D CD 

4800 N 


F 

F = CD 

BD 


cos 6 n cos 45° 


= 6788N : 


6800 N, compression 




Frc 

he 

C 

®CD 



F 
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95. (a) See the tree-body diagram. We write the equilibrium conditions for 
horizontal and vertical forces, and for rotation. We also assume that 
both static frictional forces are at their maximum values. Take 
clockwise torques as positive. We solve for the smallest angle that 
makes the ladder be in equilibrium. 

Z F h„„z = F & -Fn =0 -» F Qx = F m 

Z F ven = F Qy+Fv?-mg=Q F Qy +F Wy= m g 

^ r = mg (y / cos 9) - F Wr / sin 6 * - F Wy / cos 9 = 0 
^Gx — Mg F G y ’ ^Wv — Mw F Wx 

Substitute the first equation above into the fourth equation, and simplify 
the third equation, to give this set of equations. 

F Gy + F Wy = m § ; m § = 2 (^Wx tan 0 + F w, ) ; F Wx = M G F Gy ; F W, = /Av^Wx 

Substitute the third equation into the second and fourth equations. 

F Gy + F W y = m § ; m g = 2 (Mg F G . v ten ^ ) i ^V, = MwMg F G, 

Substitute the third equation into the first two equations. 

F Gy + /Av/AA = m g i = 2 (^G^Gv 1311 9 + /Av/AA ) 

Now equate the two expressions for mg, and simplify. 

F Gy + M W M G F Gy = 2 (Mg F G y taQ 0 + MvMq F G y ) “> 


tan# = 


1 - MwM G 


2 Mg 



(b) For a frictional wall: 9 = tan 1 — MsMg. = t an 1 ( )_ = 46.4° = |46° 

x s min ' ' 1 


2 Mg 


2(0.40) 


For a frictionless wall: 9 = tan 1 — MwM G _ tan i (_J_ _ 5 1.30 Up 


2 Mg 


% diff = 


2 5 1.3° -46.4 
46.4° 


°\ 


100 = 10 . 6 %== 11 % 


J 


2(0.40) 


96. (a) See the free-body diagram for the Tyrolean 
traverse technique. We analyze the point on 
the rope that is at the bottom of the “sag.” To 
include the safety factor, the tension must be no 
more than 2900 N. 

Z F vc rt = 2 F T sin # - mg = 0 -> 


9 = sin 


mg 

2 F 1 


= sin 


.,(75 kg) (9.80 m/s 2 ) 
2 (2900N) 



tan# 


1 


12.5m 


= (l2.5m)tan(7.280°) = 1.597m ; 


1 . 6 m 


(. b ) Now the sag amount is x - {x min = {(1.597 m) = 0.3992 m . Use that distance to find the 
tension in the rope. 
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9 = tan 


x _j 0.3992 m 

= tan 1 = 1.829° 


12.5 m 


12.5m 


F, 


mg _ (75kg)(9.80m/s 2 ) _ ^ 


T 2sm9 


2 sin 1.829° 


= 1 1,512N ~ 12,000 N 


The rope will not break, but the safety factor will only be about 4 instead of 10. 


F 


97. (a) The stress is given by — , the applied force divided by the cross-sectional area, and the strain is 

A 

A/ 

given by , the elongation over the original length. 

















2.5 - 

(N 

/ 










Z.U 

£ 

oo 

° IS- 

/ 










i 1 • O 

C/3 

C/3 

<D 











GO 

0.5 - 
• 

► 










> 











0.01 0.02 0.03 0.04 0.05 0. 

Strain 

06 0. 

07 0. 

08 0. 

09 0.1 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4 ISM CH12.XLS,” on tab “Problem 12.97a.” 


(, b ) The elastic 

region is shown 
in the graph. 

The slope of the 
stress vs. strain 
graph is the 
elastic modulus, 
and is 


2.02x10" N/ 


m 


Z 

o 

(/} 

tfl 

<D 

H 

C/5 


1.6 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 

The spreadsheet 1 
used for this o.o 

problem can be 
found on the 
Media Manager, 

with filename “PSE4_ISM_CH12.XLS,” on tab “Problem 12.97b.” 











stress = [2.02 x 10* '(strain) - 6.52 x 10 5 ] N/m 





















































0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 

Strain 
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98. 


See the free-body diagram. We assume that point C is not 
accelerating, and so the net force at point C is 0. That net force is 

the vector sum of applied force F and two identical spring forces 
F elas . The elastic forces are given by F las = k (amount of stretch) . 

If the springs are unstretched for # = 0 , then 2.0 m must be 
subtracted from the length of AC and BC to find the amount the 
springs have been stretched. Write Newton’s second law for the 

vertical direction in order to obtain a relationship between F and 0. 
Z F ve rt =2F elas sin£-N = 0 -> F = 2F elas sin 6 



Note that cos 6 = 


2.0m 

/ 


F elas =k(/-2.0m)=k 


2.0m 


cos# 


-2.0m 


F = 2F ei as sin# = 2£ 


2.0m 


V cos# 
= 80N (tan# -sin#) 


2.0m sin# = 2(20.0N/m)(2.0m) 


cos# 


sin# 


This gives F as a function of #, but we 
require a graph of # as a function of F. 
To graph this, we calculate F for 
0 < # < 75°, and then simply interchange 
the axes in the graph. 

The spreadsheets used for this problem 
can be found on the Media Manager, 
with filename “PSE4_ISM_CH12.XLS”, 
on tab “Problem 12.98”. 
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Responses to Questions 

[T] No. If one material has a higher density than another, then the molecules of the first could be heavier 
than those of the second, or the molecules of the first could be more closely packed together than the 
molecules of the second. 

2. The cabin of an airplane is maintained at a pressure lower than sea- level atmospheric pressure, and 
the baggage compartment is not pressurized. Atmospheric pressure is lower at higher altitudes, so 
when an airplane flies up to a high altitude, the air pressure outside a cosmetics bottle drops, 
compared to the pressure inside. The higher pressure inside the bottle forces fluid to leak out around 
the cap. 

3. In the case of the two non-cylindrical containers, perpendicular forces from the sides of the 
containers on the fluid will contribute to the net force on the base. For the middle container, the 
forces from the sides (perpendicular to the sides) will have an upward component, which helps 
support the water and keeps the force on the base the same as the container on the left. For the 
container on the right, the forces from the sides will have a downward component, increasing the 
force on the base so that it is the same as the container on the left. 

4. The pressure is what determines whether or not your skin will be cut. You can push both the pen and 
the pin with the same force, but the pressure exerted by the point of the pin will be much greater than 
the pressure exerted by the blunt end of the pen, because the area of the pin point is much smaller. 

5. As the water boils, steam displaces some of the air in the can. When the lid is put on, and the water 
and the can cool, the steam that is trapped in the can condenses back into liquid water. This reduces 
the pressure in the can to less than atmospheric pressure, and the greater force from the outside air 
pressure crushes the can. 

6. If the cuff is held below the level of the heart, the measured pressure will be the actual blood 
pressure from the pumping of the heart plus the pressure due to the height of blood above the cuff. 
This reading will be too high. Likewise, if the cuff is held above the level of the heart, the reported 
pressure measurement will be too low. 

[ 7 ] Ice floats in water, so ice is less dense than water. When ice floats, it displaces a volume of water 
that is equal to the weight of the ice. Since ice is less dense than water, the volume of water 
displaced is smaller than the volume of the ice, and some of the ice extends above the top of the 
water. When the ice melts and turns back into water, it will fill a volume exactly equal to the original 
volume of water displaced. The water will not overflow the glass as the ice melts. 

8. No. Alcohol is less dense than ice, so the ice cube would sink. In order to float, the ice cube would 
need to displace a weight of alcohol equal to its own weight. Since alcohol is less dense than ice, this 
is impossible. 

9. All carbonated drinks have gas dissolved in them, which reduces their density to less than that of 
water. However, Coke has a significant amount of sugar dissolved in it, making its density greater 
than that of water, so the can of Coke sinks. Diet Coke has no sugar, leaving its density, including 
the can, less that the density of water. The can of Diet Coke floats. 
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10. In order to float, a ship must displace an amount of water with a weight equal to its own weight. An 
iron block would sink, because it does not have enough volume to displace an amount of water equal 
to its weight. However, the iron of a ship is shaped more like a bowl, so it is able to displace more 
water. If you were to find the average density of the ship and all its contents, including the air it 
holds, you would find that this density would be less than the density of water. 

1 1 . The liquid in the vertical part of the tube over the lower container will fall into the container through 
the action of gravity. This action reduces the pressure in the top of the tube and draws liquid through 
the tube, and into the tube from the upper container. As noted, the tube must be full of liquid initially 
for this to work. 


12. Sand must be added to the barge. If sand is removed, the barge will not need to displace as much 
water since its weight will be less, and it will rise up in the water, making it even less likely to fit 
under the bridge. If sand is added, the barge will sink lower into the water, making it more likely to 
fit under the bridge. 


13. 


As the weather balloon rises into the upper atmosphere, atmospheric pressure on it decreases, 
allowing the balloon to expand as the gas inside it expands. If the balloon were filled to maximum 
capacity on the ground, then the balloon fabric would burst shortly after take-off, as the balloon 
fabric would be unable to expand any additional amount. Filling the balloon to a minimum value on 
take-off allows plenty of room for expansion as the balloon rises. 


14. The water level will fall in all three cases. 

(a) The boat, when floating in the pool, displaces water, causing an increase in the overall level of 
water in the pool. Therefore, when the boat is removed, the water returns to its original (lower) 
level. 

(b) The boat and anchor together must displace an amount of water equal to their combined weight. 
If the anchor is removed, this water is no longer displaced and the water level in the pool will go 
down. 

(c) If the anchor is removed and dropped in the pool, so that it rests on the bottom of the pool, the 
water level will again go down, but not by as much as when the anchor is removed from the 
boat and pool altogether. When the anchor is in the boat, the combination must displace an 
amount of water equal to their weight because they are floating. When the anchor is dropped 
overboard, it can only displace an amount of water equal to its volume, which is less than the 
amount of water equal to its weight. Less water is displaced so the water level in the pool goes 
down. 

15. No. If the balloon is inflated, then the air inside the balloon is slightly compressed by the balloon 
fabric, making it more dense than the outside air. The increase in the buoyant force, present because 
the balloon is filled with air, is more than offset by the increase in weight due to the denser air filling 
the balloon. The apparent weight of the filled balloon will be slightly greater than that of the empty 
balloon. 


16. In order to float, you must displace an amount of water equal to your own weight. Salt water is more 
dense than fresh water, so the volume of salt water you must displace is less than the volume of fresh 
water. You will float higher in the salt water because you are displacing a lower volume of water. 

17. The papers will move toward each other. When you blow between the sheets of paper, you reduce 
the air pressure between them (Bernoulli’s principle). The greater air pressure on the other side of 
each sheet will push the sheets toward each other. 
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18. As the water falls, it speeds up because of the acceleration due to gravity. Because the volume flow 
rate must remain constant, the faster-moving water must have a smaller cross-sectional area 

( equation of continuity). Therefore the water farther from the faucet will have a narrower stream 
than the water nearer the faucet. 

19. As a high-speed train travels, it pulls some of the surrounding air with it, due to the viscosity of the 
air. The moving air reduces the air pressure around the train (Bernoulli’s principle), which in turn 
creates a force toward the train from the surrounding higher air pressure. This force is large enough 
that it could push a light-weight child toward the train. 

20. No. Both the cup and the water in it are in free fall and are accelerating downward because of 
gravity. There is no “extra” force on the water so it will not accelerate any faster than the cup; both 
will fall together and water will not flow out of the holes in the cup. 

21. Taking off into the wind increases the velocity of the plane relative to the air, an important factor in 
the creation of lift. The plane will be able to take off with a slower ground speed, and a shorter 
runway distance. 

22. As the ships move, they drag water with them. The moving water has a lower pressure than 
stationary water, as shown by Bernoulli’s principle. If the ships are moving in parallel paths fairly 
close together, the water between them will have a lower pressure than the water to the outside of 
either one, since it is being dragged by both ships. The ships are in danger of colliding because the 
higher pressure of the water on the outsides will tend to push them towards each other. 

23. Air traveling over the top of the car is moving quite fast when the car is traveling at high speed, and, 
due to Bernoulli’s principle, will have a lower pressure than the air inside the car, which is stationary 
with respect to the car. The greater air pressure inside the car will cause the canvas top to bulge out. 

24. The air pressure inside and outside a house is typically the same. During a hurricane or tornado, the 
outside air pressure may drop suddenly because of the high wind speeds, as shown by Bernoulli’s 
principle. The greater air pressure inside the house may then push the roof off. 


Solutions to Problems 

[l] The mass is found from the density of granite (found in Table 13-1) and the volume of granite. 
m = pV = (2.7xl0 3 kg/m 3 )(l0 8 m 3 ) = 2.7xlO n kg - [^xlo^kg 

2. The mass is found from the density of air (found in Table 13-1) and the volume of air. 

m - pV - (l.29kg/ m )(« m) (3.8 m) (2.8 m) = 1 77 kg | 

3. The mass is found from the density of gold (found in Table 13-1) and the volume of gold. 

m = pV = (l9.3x!0 3 kg/m 3 ) (0.56m) (0.28m) (0.22m) = |670kg| (= 15001b) 


4. Assume that your density is that of water, and that your mass is 75 kg. 

m 75 kg " ; ri 

V = — = , , , = 7.5xl0~ 2 m 3 = 75 L 

p 1.00x10 kg/m 3 
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5. To find the specific gravity of the fluid, take the ratio of the density of the fluid to that of water, 
noting that the same volume is used for both liquids. 


SJ am d = 


A 


p 

• W 


H v ) a 

( m/V ) 


m„ 


m , 

water water 


89.22 g - 35.00g 
98.44g-35.00g 


0.8547 


6. The specific gravity of the mixture is the ratio of the density of the mixture to that of water. To find 
the density of the mixture, the mass of antifreeze and the mass of water must be known. 

O V TYl — o V 

e> water antifreeze water ' water water 


^antifreeze P antifreeze ^antifreeze ^^antifreezeA'' water T antifreeze 


.SG’ , 


P mixl 


m . V . 

mixture / mixture 


m +m t 

antifreeze water 


SG 


antifreeze^ water ^antifreeze P water 


water water 


P watt 

SG 


P water P water ^mixture 

V +V t (0.80)(5.0L) + 4.0L 

e antifreeze water \ / \ / 


P t V 

' water n 


water mixture 


A 


9.0 L 


0.89 


[/] (a) The density from the three-part model is found from the total mass divided by the total volume. 

Let subscript 1 represent the inner core, subscript 2 represent the outer core, and subscript 3 
represent the mantle. The radii are then the outer boundaries of the labeled region. 

777, + 777, + 777, _ ^777, + /?, 777, + yO,777, A) m '\ + A 3 71 ( r l ~ r \ ' ) + A r 71 ( ■ r l ~ r l ) 


P three 


layers 


v l + v 2 + v 3 


v l + v 2 + v 3 


3 m \ + 3 ■ n { r l - r l ) +3 n { r l - r 2 ) 


Pd\ + A (c - 'l 3 ) + A (c - r 2 ) _ (a - A ) + C (a - a) + n 


3 A 


(1220 km) 3 ( 1900 kg/m 3 ) + (3480 km) 3 (6700kg/m 3 ) + (6371km) 3 (4400 kg/m 3 ) 

(6371km) 3 


= 5505.3 kg/ m 3 = 5510kg/ m 


(b) 


density 


%diff = 100 


M 

5.' 



P one 

P three 

density 

layers 


P three 

V layers J 


= 100 


^ 5521 kg/m 3 - 5505 kg/m 3 ^ 
5505 kg/m 3 


= 0.2906 = 


0.3% 


The pressure is given by Eq. 13-3. 


P = pgh = (1000) (9.80m/s 2 ) (35 m) = 3.4xl0 5 N/m 2 


: 3.4 atm 


9. ( a ) The pressure exerted on the floor by the chair leg is caused by the chair pushing down on the 

floor. That downward push is the reaction to the normal force of the floor on the leg, and the 
normal force on one leg is assumed to be one-fourth of the weight of the chair. 


chair 


leg 

A 


i(66kg) (9.80m/s 2 ) , — — 

= — 52 i — - § 085x10 N/m = 8.1xl0 7 N/m 2 


(0.020 cm 2 ) 


lm 

100 cm 


(. b ) The pressure exerted by the elephant is found in the same way, but with ALL of the weight 
being used, since the elephant is standing on one foot. 
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elephant 


W. „ , (I300kg)(9.80m/s 2 ) , , , . — 7 

= ± ii. 2_Z = 1.59x10 s N/m 2 «|2 x10 5 n/: 

(800 cm 2 ) 


lm 


,100 cm. 

Note that the chair pressure is larger than the elephant pressure by a factor of about 400. 

10. Use Eq. 13-3 to find the pressure difference. The density is found in Table 13-1. 

P = pgh -» AP = pgAh = (l.05xl0 3 kg/m 3 )(9.80m/s 2 )(l.70m) 


= 1.749xl0 4 N/m 2 


1 mm-Hg 
133N/m 2 


132mm-EIg 


11. The height is found from Eq. 13-3, using normal atmospheric pressure. The density is found in 
Table 13-1. 


P = pgh — > h = — = ■ 


1.013xl0 5 N/m 2 


13m 


pg (0.79xl0 3 kg/m 3 )(9.80m/s 2 ) 

That is so tall as to be impractical in many cases. 

12. The pressure difference on the lungs is the pressure change from the depth of water. 

, oc TT / 133 N/m 2 

(85 mm-Hg) 

A P l 1 mm-Hg ) 

AP-pgAh — > Ah = = t ; , , w 7 -rr = 1.154m = 


pg (l.00xl0 3 kg/m 3 )(9.80m/s 2 ) 


1 .2 m 


13.| The force exerted by the gauge pressure will be equal to the weight of the vehicle. 
mg = PA = P (nr ) — > 


Pnr 


(17.0 atm) 


^1.013xl0 5 N/m 2 


7r[4(0.225m)] 2 


m — - 


g 


1 atm ) 

' _l 

— Aoonw 

(9. 80 m/s 2 ) 

— \jyy\j Jvg 


14. The sum of the force exerted by the pressure in each tire is equal to the weight of the car. 

4 (2.40 x 1 0 5 N/ m 2 ) (220 cm 2 ) ( 


mg = 4 PA 


m = - 


4 PA 
g 


f lm 2 ^ 

1 A 4 2 

ylO cm j 


(9.80m/s 2 ) 


2200kg 


15. (a) The absolute pressure is given by Eq. 13-6b, and the total force is the absolute pressure times 
the area of the bottom of the pool. 

P = P 0 + pgh = 1 .0 1 3 x 1 0 5 N/m 2 + ( 1 .00 x 1 0 3 kg/m 3 ) ( 9. 80 m/s 2 ) ( 1 . 8 m) 


= 1.189x10 s N/m 2 « 1.2 x10 5 n/ 


'm 


F = PA = (l. 189x10 s N/m 2 )(28.0m) (8.5m) = |2.8xl0 7 N 
(b) The pressure against the side of the pool, near the bottom, will be the same as the pressure at the 
bottom. Pressure is not directional. P = 1.2 x 10 s N/ m 2 
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16. (a) 

(b) 


The gauge pressure is given by Eq. 13-3. The height is the height from the bottom of the hill 
to the top of the water tank. 


p a = pg h = (l.OOxlO 3 kg/m 3 )(9.80m/s 2 ) [5.0 m + (llO m)sin58°] = |9.6x10 5 n/: 
The water would be able to shoot up to the top of the ta nk (ignoring any friction). 
h = 5.0m + (ll0m)sin58° = 98m 


m 


17. The pressure at points a and b are equal since they are the same height in the same fluid. If they 
were unequal, the fluid would flow. Calculate the pressure at both a and b, starting with atmospheric 
pressure at the top surface of each liquid, and then equate those pressures. 


P =P 


K+PonSK* =P 0 +P^gK 


p .h .= p h . 

• oil oil ' water water 


P oil 


A 


h (l.OOxlO 3 kg/m 3 ) (0.272 m - 0.0862 m) 

water water \ ' / ' ' 


A. 


(0.272 m) 


683kg/m 3 


18. (a) The mass of water in the tube is the volume of the tube times the density of water. 

m = pV = pjzrh = (l.OOxlO 3 kg/m 3 )^-(0.30xl0"m) 2 (12 m) = 0.3393kg * |p.34kg 


( b ) The net force exerted on the lid is the gauge pressure of the water times the area of the lid. The 
gauge pressure is found from Eq. 13-3. 


F - P 

gauge 


A = pghnR 1 = (l.OOxlO 3 kg/ m 3 ) (9.80 m/ s 2 )(l2m)^(0.21m)‘ 


1.6x10 N 


19.| We use the relationship developed in Example 13-5. 


P = P 0 e^ p ° gp ^ y = (E013 x 10 5 n/ m 2 ) e _(l ' 25xl0 " m ~ 1)(8850m) 


3.35xl0 4 N/m 2 


0.331 atm 


Note that if we used the constant density approximation, P = P 0 + pgh, a negative pressure would 
result. 


20 . 


Consider the lever (handle) of the press. The net torque 
on that handle is 0. Use that to find the force exerted by 
the hydraulic fluid upwards on the small cylinder (and 
the lever). Then Pascal’s principle can be used to find 
the upwards force on the large cylinder, which is the 
same as the force on the sample. 

Y j t = F(2/)-F/ = 0 -» F X =2F 


P=P, 


F 


F 


F 2 =F { (d 2 /d l f = 2F(dJd i ) 2 = A mple 



sample 


F^ = 2F[dJd^f_ 

"^sample "^sample 


2(350N)(5) 2 
4.0x10 4 m 2 


4.4xl0 7 n/ m 2 


~ 430 atm 


21. The pressure in the tank is atmospheric pressure plus the pressure difference due to the column of 
mercury, as given in Eq. 13-6b. 

(a) P = P 0 + pgh = 1.04bar + p Hg gh 
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= ( 1.04 bar) 
(b) P = (\ .04 bar) 


f 1.00xl0 5 N/m 2 

+ (l3.6xl0 , kg/m 3 )(9.80m/s 2 )(0.210m) = 

1.32x10 s N/m 2 

v 1 bar 

f l.OOxlO 5 N/rn 2 ^ 



+ (l3.6x 10 3 kg/ m 3 ) (9.80 m/ s 2 ) (-0.052 m) = 

9.7xl0 4 N/m 2 

1 bar . 


22. (a) 


(b) 

(c) 


See the diagram. In the accelerated frame of the beaker, there is a 
pseudoforce opposite to the direction of the acceleration, and so there is 
a pseudo acceleration as shown on the diagram. The effective 
acceleration, g , is given by g = g + a. The surface of the water will be 
perpendicular to the effective acceleration, and thus makes an angle 

. -i a 

9 = tan — . 
g 


The left edge of the water surface, opposite to the direction of the 
acceleration, will be higher. 

Constant pressure lines will be parallel to the surface. From the second 
diagram, we see that a vertical depth of h corresponds to a depth of If 
perpendicular to the surface, where If = h cos 9, and so we have the 
following. 


p = p 0 + Pg' h ' = P o + P\]g 2 +a ~ (hcos9) 


= p 0 +pjg r +a 2 


g 




2 , 2 

g +a 


= P o+Phg 


And so 


P = P + phg 


as in the unaccelerated case. 




23. (a) 


(b) 


Because the pressure varies with depth, the force on the wall 
will also vary with depth. So to find the total force on the 
wall, we will have to integrate. Measure vertical distance y 
downward from the top level of the water behind the dam. 
Then at a depth y, choose an infinitesimal area of width b 
and height dy. The pressure due to the water at that depth is 
p =pgy- 

p = Pg y ; dF = PdA = (pgy) ( bdv ) — > 

F = \ dF = \ a {pgy){bdy) = 

The lever arm for the force dF about the bottom of the dam 
is h - y, and so the torque caused by that force is 

dr = (h- y ) dF . Integrate to find the total torque. 

1 = j 1 dT = 1 ( /? - y) ( p gy) ( bd y)= pg b \ 0 ( h y -y~) d y 


yPgbh 2 



= Pgb(\hy 1 ~\y)' o = y Pgbh'' 

Consider that torque as caused by the total force, applied at a single distance from the bottom d. 
r = j pgblf =Fd pgbh'd — > d =\h 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

420 










Chapter 13 


Fluids 


(c) 


To prevent overturning, the torque caused by gravity about the lower right front comer in the 
diagram must be at least as big as the torque caused by the water. The lever arm for gravity is 
half the thickness of the dam. 


mg(\t) > \pgbti -» p ctmcrae (hbt)g(\t) > \p Wdla gbh' 


P water 


I 1.00xl0 3 kg/m 3 
I 3 2.3 xlO 3 kg/m 3 


= 0.38 


So we must have \t > 0.387? | to prevent overturning. Atmospheric pressure need not be added in 
because it is exerted on BOTH sides of the dam, and so causes no net force or torque. In part 
(a), the actual pressure at a depth y is P = P 0 + pgv , and of course air pressure acts on the 
exposed side of the dam as well. 


AV A P 

24. From section 9-5, the change in volume due to pressure change is = , where B is the bulk 

- K B 

modulus of the water, given in Table 12-1. The pressure increase with depth for a fluid of constant 
density is given by AP = pgAh , where Ah is the depth of descent. If the density change is small, 

then we can use the initial value of the density to calculate the pressure change, and so AP ~ p 0 gAh . 
Finally, consider a constant mass of water. That constant mass will relate the volume and density at 
the two locations by M = pV = p 0 V 0 . Combine these relationships and solve for the density deep in 
the sea, p . 

pv-PoK 

PoK_ PoK _ PoK Po 1025 kg/ m 3 


P = - 


V 


y 0 1 


AP , , 

-K-\ 1 


_Po 

P 0 § h 

B 


| (l025kg/m 3 )(9.80m/s 2 )(5.4xl0 3 m) 


2.0x10 N/m 


= 1054 kg/m 3 « 1.05xl0 3 kg/m 


, 1054 

P P 0 = = 1.028 

' 1025 


The density at the 6 km depth is about | 3% larger | than the density at the surface. 


25 


Consider a layer of liquid of (small) height Ah , and ignore the 
pressure variation due to height in that layer. Take a cylindrical 
ring of water of height Ah , radius r, and thickness dr. See the 
diagram (the height is not shown). The volume of the ring of 
liquid is ( 2nr Ah ) dr , and so has a mass of dm = ( InprAh ) dr . 

That mass of water has a net centripetal force on it of magnitude 
Radial = (dm) = of r p ( 2.7ir Ah ) dr . That force comes from a 
pressure difference across the surface area of the liquid. Let the 
pressure at the inside surface be P , which causes an outward 
force, and the pressure at the outside surface be P + dP , which 
causes an inward force. The surface area over which these 
pressures act is 2nrAh , the “walls” of the cylindrical ring. Use Newton’s second law 
■ dF. — > a?rp(2nrAh)dr = (P + dP)2nrAh - (P)2nrAh — 



dF . ..-dF 

radial outer 


inner 

wall 
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r r 

dP = airpdr — > J dP = J airpdr — > P-P 0 = j pair 1 


P = P () +i pair 2 


26. If the iron is floating, then the net force on it is zero. The buoyant force on the iron must be equal to 
its weight. The buoyant force is equal to the weight of the mercury displaced by the submerged iron. 


R 


buoyant 


= w Fe g -» p He gV s 


Hg<-» submerged 


= PfeSKo, 


V 


submerged 

FT, 


P Fe 

Pn% 


7.8xl0 3 kg/m 3 
13.6xl0 3 kg/m 3 


0.57 = 57% 


27. The difference in the actual mass and the apparent mass is the mass of the water displaced by the 
rock. The mass of the water displaced is the volume of the rock times the density of water, and the 
volume of the rock is the mass of the rock divided by its density. Combining these relationships 
yields an expression for the density of the rock. 


m „ . - m 

actual apparent 


- tSm= p V .= p 

' water rock • w 


m 


— > 


Pn 


P rock P w 


m 


Am 


= (l.OOxlO 3 kg/ m 3 ) 


9.28 kg 


9.28 kg -6. 18 kg 


2990 kg/m 3 


28. (a) When the hull is submerged, both the buoyant force and the tension force act upward on 

the hull, and so their sum is equal to the weight of the hull, if the hill is not accelerated as it is 
lifted. The buoyant force is the weight of the water displaced. 


T + p_ 


buoyant 


= mg — » 


T = mg - F buoyant = m hull g - P wata V sub g = m mi g - p ; 


m. 


A, 


■S = Whuiig 


1- 


P water 

P hull ) 


= (l.6xl0 4 kg)(9.80m/s 2 ) 


1- 


1.00 xlO 3 kg/m 


3 A 


= 1.367 xlO’N 


1.4x10 N 


7.8 xl0 J kg/m 

(. b ) When the hull is completely out of the water, the tension in the crane’s cable must be 
equal to the weight of the hull. 


T = mg = (l.6 x 10 4 kg) (9.80 m/s 2 ) = 1.568 X 10 s N 


1.6x10 N 


29. The buoyant force of the balloon must equal the weight of the balloon plus the weight of the helium 
in the balloon plus the weight of the load. For calculating the weight of the helium, we assume it is 
at 0°C and 1 atm pressure. The buoyant force is the weight of the air displaced by the volume of the 
balloon. 


^buoyant Pair ^balloon S ^HeS + ffJ balloon^ W carao S 


m =p V, - m u - m, 

cargo 1 air balloon He balloon 


cargo 4 - 

P air-balloon P He^ba 


\P air P lie ) — ^balloon ^balloon 


= (l .29 kg/m 3 - 0. 179 kg/m 3 )f n (7.35 m) 3 - 930kg = 920 kg 


= 9.0x10 N 


30. The difference in the actual mass and the apparent mass is the mass of the water displaced by the 
legs. The mass of the water displaced is the volume of the legs times the density of water, and the 
volume of the legs is the mass of the legs divided by their density. The density of the legs is 
assumed to be the same as that of water. Combining these relationships yields an expression for the 
mass of the legs. 
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171 — 171 

actual apparent 


= = Ava, e/legs = P water 


111 , 


P^ 


= 2 "Cg 


legs 


m 


leg 


= {Am = }(74kg-54kg) = 10kg (2 sig. fig.) 


|31.| The apparent weight is the actual weight minus the buoyant force. The buoyant force is weight of a 
mass of water occupying the volume of the metal sample. 


m 


^apparent S = ™ metal g ~ F B = Ttl^g ~ V^P g = W metal g ~ PufiS 

A»etal 


m 


m = m 

apparent metal 


An 


"Auo 


P metal 


/72 


, m t ,—m 

\ metal apparent t 


~ P H.O 


(l000kg/m 3 ) = 7840 kg/m 3 


(63.5g-55.4g) 


Based on the density value, the metal is probably iron or steel 


32. The difference in the actual mass and the apparent mass of the aluminum is the mass of the air 
displaced by the aluminum. The mass of the air displaced is the volume of the aluminum times the 
density of air, and the volume of the aluminum is the actual mass of the aluminum divided by the 
density of aluminum. Combining these relationships yields an expression for the actual mass. 


m . . — m 

actual apparent 


Pm y A\ Pm 


m 


m. 


m 


Pm 
3.0000 kg 


Pm 

Pa 


1.29 kg/m 3 
2.70xl0 3 kg/m 3 


3.0014kg 


33. The buoyant force on the drum must be equal to the weight of the steel plus the weight of the 

gasoline. The weight of each component is its respective volume times density. The buoyant force 
is the weight of total volume of displaced water. We assume that the drum just “barely” floats - in 
other words, the volume of water displaced is equal to the total volume of gasoline and steel. 

— > IV +V 1 o 2 = V o 2 + V o 2 — > 

\ gasoline steel / ' watero steel' steelo gasoline^ gasoline® 


F =W +W 

B steel gasoline 


V .. p , +V, ,p t =V, ,p t ,+V , p 

gasoline' water steel' water steel^ steel gasoline' t 


V = V 

steel gasoline 


P , ~P 

' water ' t 


V. P steel P ' 


steel' steel gasoline' gasoline 

\ r 

= (230L) 




gasoline 


water J 


3 A 


1000 kg/m 3 - 680kg/ m 
7800 kg/m 3 - 1000 kg/rn 3 


= 10.82L : 


l.lxl0“ 2 m 3 


34. (a) The buoyant force is the weight of the water displaced, using the density of sea water. 

2 = 0 V 2 

® ' water displaced ® 


F. = m , 

buoyant water 

displaced 


: (l.025xl0 3 kg/m 3 ) (65.0 L) 


( lxl 0~ 3 m 3 ^ 

1 L 


(9.80m/s 2 ): 


653 N 


(. b ) The weight of the diver is m iiva g = (68.0 kg) ( 9.80 m/ s 2 ) = 666 N . Since the buoyant 


force is not as large as her weight, she will sink , although it will be very gradual since the two 
forces are almost the same. 
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35. The buoyant force on the ice is equal to the weight of the ice, since it floats. 

F. — W —>772 , S — m . S — > 772 , = 772 — > 

buoyant ice seawater <-> ice° seawater ice 

submerged submerged 

P seawater ^seawater P ice ^ice ^ \ / seawater P water ^submerged \ / ice P water ^ice ^ 


(SG) 


v 

seawater submerged 




V 


P G ). 


submerged 


(SG\ 


0.917 

-V = V = 0.895 F 

tee L025 roe 


Thus the fraction above the water is V, -V - V , .= 0.105 V or 1 10.5% 

above ice submerged ice 1 


36. (a) The difference in the actual mass and the apparent mass of the aluminum ball is the mass of the 
liquid displaced by the ball. The mass of the liquid displaced is the volume of the ball times the 
density of the liquid, and the volume of the ball is the mass of the ball divided by its density. 
Combining these relationships yields an expression for the density of the liquid. 


777 „ . - 77 ? 

actual apparent 


^ m P\ iquid^ball P liquid 


777 . 


— > 


Pa 




777 . 


3.80kg 

( b ) Generalizing the relation from above, we have 


nr 


P 


liquid 


m .. —m 

object apparent 


m 


object 


P. 


object 


|37.| (a) The buoyant force on the object is equal to the weight of the fluid displaced. The force of 

gravity of the fluid can be considered to act at the center of gravity of the fluid (see section 9-8). 
If the object were removed from the fluid and that space re-filled with an equal volume of fluid, 
that fluid would be in equilibrium. Since there are only two forces on that volume of fluid, 
gravity and the buoyant force, they must be equal in magnitude and act at the same point. 
Otherwise they would be a couple (see Figure 12-4), exert a non-zero torque, and cause rotation 
of the fluid. Since the fluid does not rotate, we may conclude that 
the buoyant force acts at the center of gravity. 

( b ) From the diagram, if the center of buoyancy (the point where the 
buoyancy force acts) is above the center of gravity (the point where 
gravity acts) of the entire ship, when the ship tilts, the net torque 
about the center of mass will tend to reduce the tilt. If the center of 
buoyancy is below the center of gravity of the entire ship, when the 
ship tilts, the net torque about the center of mass will tend to increase the tilt. Stability is 



achieved when the center of buoyancy is [above the center of gravity) 


38. The weight of the object must be balanced by the two buoyant forces, one from the water and one 
from the oil. The buoyant force is the density of the liquid, times the volume in the liquid, times the 
acceleration due to gravity. We represent the edge length of the cube by l. 

mg = F B +F B = p oil V u g + P watcr V valcr g = pj 1 (0.28/) g + p^J 2 (0.72/) g ^ 

oil water 

772 = / 3 (0.28yO oil +0.72/? water ) = (0.100m) 3 [o.28(810kg/m 2 ) + 0.72(l000 kg/rn 2 )] 


: 0.9468 kg ~ 0.95 kg 
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The buoyant force is the weight of the object, mg = (0.9468kg) (9.80m/ s 2 ) 


9.3N 


39. The buoyant force must be equal to the combined weight of the helium balloons and the person. We 
ignore the buoyant force due to the volume of the person, and we ignore the mass of the balloon 
material. 


F *=( 


m + m u 

person He 


) S Aur^llcT - (^person + Afe^He ) S ^He ~ N 1 


m 


nr = 


(Air Ate) 




N = 


3 m 


3 (75 kg) 


4 nr {p m - p He ) 4n ( 0. 1 65 m) 3 ( 1 .29 kg/m 3 - 0. 1 79 kg/m 3 ) 


= 3587: 


3600 balloons 


40. 


There will be a downward gravity force and an upward buoyant force on the fully submerged tank. 
The buoyant force is constant, but the gravity force will decrease as the air is removed. Take 
upwards to be positive. 


F ful, = F B~ "V , S = Avate/tank# “ K,n„ + ™air ) S 

= [(1025kg/ m 3 ) (0.0157 m 3 )- 17.0kg] (9.80m/s 2 ) 
^enpty = F B~ s = P^V^g - + m . a ) g 

= [(1025kg/ m 3 ) (0.0157 m 3 )- 14.0kg] (9.80m/s 2 ) 


= -8.89 N = 9N downward 


= 20.51 N: 


2 IN upward 


41 . The apparent weight is the force required to hold the 
system in equilibrium. In the first case, the object is 
held above the water. In the second case, the object 
is allowed to be pulled under the water. Consider 
the tree-body diagram for each case. 


Case 1: 

Tj F=W l- W+F bu 0 y “Anker 

= 0 


sinker 


Case 2: 

2> = w,+F buoy ~w+F buay 

- A 


object sinker 



Since both add to 0, equate them. Also note that the 
specific gravity can be expressed in terms of the 
buoyancy force. 



F =V o e = - 

buoy object ~ water <-> 

object 


m 


p 

. ' w 


object _ r' water 

O a = m or - 

• water <-> obj ect o 


object 


A 


object 


w 


S.G. 


A - W + F bu oy - Ainker = 0 = A + ^buoy “ W + F buoy “ Ainker 
sinker object sinker 


— > 


A=A +i7 buoy =A + 

object 


w 


S.G. 


-» S.G. 


w 

(a -a) 


42. For the combination to just barely sink, the total weight of the wood and lead must be equal to the 
total buoyant force on the wood and the lead. 


F = F 

weight buoyant 


W w„od£ + m ? b g = KooiP^rS + ^PbAvater# 


m , + = ■ 

wood Pb 


m 


p. 


- p 

/ W 


+ ■ 




A 


- p 

/ w 


— > m n 


f 

A 


( „ 

A 

j P water 


= m , 

wood 

0 

1 water 

-1 

V A>b 

J 


V P wood 

) 
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p 

/ w 


\P wood 

111 ... — 111 , -7 

Pb wood / 


1 


1 


P 

/ U, 


4- = m A / 

\ wood ( 


/^Pb J 


v ‘ S ' Gwood ^ = (3.25kg) 


0.50 


1- 


1 

SG, 




Pb J 


[\ — 

\ 11.3 


3.57 kg 


|43.| We apply the equation of continuity at constant density, Eq. 13- 7b . 

Flow rate out of duct = Flow rate into room 

V— V -Oom _ (8.2 m) (5.0 m) (3.5 m) 


AucTduC, = ^ Uta = 


t, 


V duct - 


to fill 
room 


nr 2 t. 


to fill 
room 


;r(0.15m)~ (l2min) 


60s 
1 min 


2.8m/s 


44. Use Eq. 13-7b, the equation of continuity for an incompressible fluid, to compare blood flow in the 
aorta and in the major arteries. 

(Av) - (Av) . -> 

' ' aorta \ / arteries 


A 


n 


A 


(1.2 cm)" 
2.0 cm 2 


(40 cm/s) = 90.5 cm/s = 0.9 m/: 


45. We may apply Torricelli’s theorem, Eq. 13-9. 

v, = -yj 2g ( 1 - y, ) = 1 j2(9.80m/s 2 )(5.3m) = 10.2 m/s ~ lOm/s (2 sig. fig.) 


46. The flow speed is the speed of the water in the input tube. The entire volume of the water in the tank 
is to be processed in 4.0 h. The volume of water passing through the input tube per unit time is the 
volume rate of flow, as expressed in the text immediately after Eq. 13-7b. 


— = Av 
At 


v 


l _ £ w h _ (0.36m) (1.0m) (0.60m) 


AAt nr' At 


^■(0.015m) 2 (4. Oh) 


f 3600s A 
V lh j 


= 0.02122m/s~ 2.1cm/s 


47. Apply Bernoulli’s equation with point 1 being the water main, and point 2 being the top of the spray. 
The velocity of the water will be zero at both points. The pressure at point 2 will be atmospheric 
pressure. Measure heights from the level of point 1 . 

Pi + 7 pv\ + pg}\ = P 2 + 7 pv\ + pgy 2 -» 


P } - P tm = pgy 2 = (l.00xl0 3 kg/m , )(9.80m/s 2 )(l8m) = 1.8xlO s N/m 2 


48. The volume flow rate of water from the hose, multiplied times the time of filling, must equal the 
volume of the pool. 


(^ V Le = 


V 


pool 


V 


t = 


pool 


#(3. 05m)' (l.2m) 


^hose^hose 


n 


i(f)' 


' lm > 


= 4.429 xl0 5 s 


39.37 


(0.40 m/s) 


f 


4.429x10 s 


lday 


60x60x24s 


5.1 days 
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49 


We assume that there is no appreciable height difference between the two sides of the roof. Then the 
net force on the roof due to the air is the difference in pressure on the two sides of the roof, times the 
area of the roof. The difference in pressure can be found from Bernoulli’s equation. 


inside +7 ^inside + Agf, ns.de = Outside +7 P V o, 


P -P = — p v 2 

inside outside 2 • air outside 


outside 

F 


+ pgy a 


A 


roof 


A = iP^LnAoot =i( l-29kg/m 3 ) 


(180 km/h) 


f 1 m/s ^ 


3.6km/h 


(6.2m)(l2.4m) 


1.2x10 N 


50. Use the equation of continuity (Eq. 13-7b) to relate the volume flow of water at the two locations, 
and use Bernoulli’s equation (Eq. 13-8) to relate the pressure conditions at the two locations. We 
assume that the two locations are at the same height. Express the pressures as atmospheric pressure 
plus gauge pressure. Use subscript “1” for the larger diameter, and “2” for the smaller diameter. 

A A A l A 

M = A 2 V 2 u = u — = V 1 — = V , — 

A 2 nr 2 r 2 


p 0 + p i+ \ pv \ + pgy i = p 0 + p 2 + \p v I + Psy 2 


P i + 2 P v \ = p 2 + ipv; = p 2 + 7 pvt - 


4 ^ V l “ 


2 ( P , ~ P l ) 


i 


p 


( a 

' r ’ 


— » 


AjV t = 7tl\ 


\ 


^- p ) 


p 


( 4 7 

Vi 

V r 2 J 


= n 


(3.0 x 10~ 2 m) 2 


2 (32.0x 10 3 Pa - 24.0x 10 3 Pa) 


I (l.0xl0 3 kg/m 3 ) 


(3.0x10 2 m) ^ 

(2.25 x 10~ 2 m) 4 


7.7 x 10" 3 m 3 /s 


51. 


The air pressure inside the hurricane can be estimated using Bernoulli’s equation. Assume the 
pressure outside the hurricane is air pressure, the speed of the wind outside the hurricane is 0, and 
that the two pressure measurements are made at the same height. 


inside + 2 ^ V Lde + P inside “^outside + \pvl 


+ pgy 


p = p 

inside outside 


-7 Ad 


= 1.013xl0 5 Pa -y(l.29kg/m 3 ) 
9.7xl0 4 Pa| = 0.96atm 


(300 km/h) 


1000 m 
km 


lh 

3600s 


7. 


52. The lift force would be the difference in pressure between the two wing surfaces, times the area of 
the wing surface. The difference in pressure can be found from Bernoulli’s equation. We consider 
the two surfaces of the wing to be at the same height above the ground. Call the bottom surface of 
the wing point 1, and the top surface point 2. 
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P i + \pv\ + pgy ] =P 2 + \pv\ + pgy 2 -4 P i -P 2 = \p (v 2 - Vj 2 ) 
F m ={ P i~ P 2 ) ( Area of wing) = 7 P ( v l - A ) A 


^(l.29kg/m 3 )[(280m/s) 2 -(l50m/s) 2 ](88m 2 ) 


3.2x10 6 N 


53. Consider the volume of fluid in the pipe. At each end of the pipe there is a force towards the 
contained fluid, given by F - PA . Since the area of the pipe is constant, we have that 
F na =(P l ~ P 2 )A. Then, since the power required is the force on the fluid times its velocity, and 

AV = Q = volume rate of flow, we have P = F et v = (P l -P 2 )Av = 


(^)e 


54. Use the equation of continuity (Eq. 13-7b) to relate the volume flow of water at the two locations, 
and use Bernoulli’s equation (Eq. 13-8) to relate the conditions at the street to those at the top floor. 
Express the pressures as atmospheric pressure plus gauge pressure. 


A v — A v — t 

street street top top 


V = V 

top street 


a n 7 ( 5 . 0 x 10 2 m) 

= (0.68 m/s) — 


A 


top 


n 


7 ( 2.8 x lCT 2 m) 


■ = 2.168m/s~ 2.2m/s 


P, + p +7 pv + pgv — P n + P +7 pv + pg\- — ^ 

0 gauge 2 • street • street 0 gauge 2 • top ' o-T top 

street top 


P —P +—p(v~ —v 2 ) + pgy ( v — y ) 

gauge gauge 2 * \ street top / • 02 y J street P top / 

top street 


- (3.8 atm) 


^1.013xl0 5 Pa 

atm 


+ 1 


7 (l. 00 xl 0 3 kg/m 3 )r (0.68 m/s) 2 - (2.168 m/s) 2 


+ 


(l.OOxlO 3 kg/m 3 ) (9.80m/s 2 ) (-18 m) 


= 2.064 xlO 5 Pa 


2 1 atm ' 


2.0 atm 

i 1.013 xlO 5 Pa j 




|55.| Apply both Bernoulli’s equation and the equation of continuity between the two openings of the 
tank. Note that the pressure at each opening will be atmospheric pressure. 

A 

A 2 v 2 = 4,v, -» v 2 = v, — 

A 2 

p i + 7 pp \ + pgy 1 = p + 7 pv l + p§y 2 v i - v 2 = 2 § {y 2 ~ t , ) = 2 gh 

= 2 gh -4 


r A,' 


V A 2 J 


= 2 gh -> v; 


f A 2 ^ 

1-4 

V Aj 


v- I 

1 2 gh 

1 

(1-474) 


56. (a) Relate the conditions at the top surface and at the opening by Bernoulli’s equation. 

+ 7 P V 2 + Pgy’ 2 = "^opening + 1 P V 1 + P&X P 2 + P 0 + Pg ( J 2 " U ) = P 0 + 7 P V 1 


— » 


2^ 

P 


+ 2 g(y 2 -y 1 ) 
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2 P 

(b) Vi = x — + 2 g(y 2 -y 1 )=- 

V p 


2 (0.85 atm) 


f 1.013xl0 5 Pa A 
atm 


(l.00xl0 3 kg/ m 3 ) 


■ 2 (9. 80 m/s 2 ) (2.4 m) = |l5m/s 


57. We assume that the water is launched from the same level at which it lands. Then the level range 

^2 20 

formula, derived in Example 3-10, applies. That formula is R - — If the range has 

8 

increased by a factor of 4, then the initial speed has increased by a factor of 2. The equation of 
continuity is then applied to determine the change in the hose opening. The water will have the same 
volume rate of flow, whether the opening is large or small. 


(^ V ) fully - (Av)partly — > ^ part , y ~ A f 


partly 

open 


■‘■fully 


fully 

open _ £ 




partly 

open 


fully . ~ 
open \ ^ J 


Thus 


l/2 of the hose opening was blocked. 


58. Use Bernoulli’s equation to find the speed of the liquid as it leaves the opening, assuming that the 
speed of the liquid at the top is 0, and that the pressure at each opening is air pressure. 

P x + \ pv 2 + pgy\ = P 2 +\pv; + pgy 2 -» v, = yj2 g(h 2 -h x ) 

(a) Since the liquid is launched horizontally, the initial vertical speed is zero. Use Eq. 2- 12b for 
constant acceleration to find the time of fall, with upward as the positive direction. Then 
multiply the time of fall times v l , the (constant) horizontal speed. 


2 h 

y = y 0 +v 0r t + jaf 0 = A,+0 -\gt 2 -» t= — 


g 


Ax = v x t = ^2g(h 2 -/?,) 



2 ^ 

{ h 2~ h l)K 


XK 

-K)K=2. 


2 4 {K~K)K = 2 -/<)/< -> (h 2 -h l )h l = (h 2 -h' 1 )h' l 
h' 2 - h 2 h' + { h 2 - h x ) h x = 0 — > 

_h 2 ± *Jh 2 -A{h 2 -h x )h x _ h 2 ± ^jh 2 - Ah x h 2 + Ah 2 _ h 2 ± (h 2 - 2 \ ) _ 2 h 2 - 2h x 2h x 
1 2 2 2 2 ’ 2 


h[ = h 2 - h ] 


59. (a) Apply Bernoulli’s equation to point 1, the exit hole, and point 2, the top surface of the liquid in 
the ta nk . Note that both points are open to the air and so the pressure is atmospheric pressure. 
Also apply the equation of continuity (A 1 v 1 = A 2 v 2 ) to the same two points. 

P t + \pv 2 + pgy t = P 2 + \pv\ + pgy 2 -» P Mm + xp(v]-v;) = P Mm + pg{y 2 -y x ) 


jP(v\-v\) = pgh -» (v, 2 - v 2 2 ) = 2gh 


— > 


r A 1 A 

4-1 

J 


v 2 = 2 gh -> 
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( b ) Integrate to find the height as a function of time. 



(c) We solve for the time at which h = 0, given the other parameters. In particular, 

/ , \2 , , 1.3xlO~ 3 m 3 , , 

A, =^(0.25x10 m) = 1.963xl0 _5 m 2 ; A= = 1.226xl0 _2 m 2 

V ' - 0.106m 



60. (a) Apply the equation of continuity and Bernoulli’s equation at the same height to the wide and 
narrow portions of the tube. 
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\6l. (a) Relate the conditions inside the rocket and just outside the exit orifice by means of Bernoulli’s 
equation and the equation of continuity. We ignore any height difference between the two 
locations. 


A + iP v i + ps)’ i„ = p, + yP v L + Psy 
2 (P~3) 


P + 2 P V \n - P 0 + 2 P V L 


P 


2 2 2 

= V - V. = V . 

out in out 


'v. V 


V ^out J 


v A 

A. v. -Ay. — > Av = A n v . — > — — = — «: 1 — > 

v , A 


in in out out 


in 0 out 


2 (P~P 0 ) 


- v 


P 


1- 




Uut ~ > 



Hp-p») 

^out ^ ^ 

P 


dm 


( b ) Thrust is defined in section 9-10, by F = v rel , and is interpreted as the force on the rocket 


dt 


due to the ejection of mass. 


„ dm d(pV) dV , , 2> 2 (P-P 0 ) , 

F , hrus, = V rel ~ = V ou, ~ = V ou <P ~ = V ou *P ( V ouAm ) = P V A 0 = P A 

dt dt dt p 


2 (p-p 0 )A 


62. There is a forward force on the exiting water, and so by Newton’s third law there is an equal force 
pushing backwards on the hose. To keep the hose stationary, you push forward on the hose, and so 
the hose pushes backwards on you. So the force on the exiting water is the same magnitude as the 
force on the person holding the hose. Use Newton’s second law and the equation of continuity to find 
the force. Note that the 450 L/min flow rate is the volume of water being accelerated per unit time. 
Also, the flow rate is the product of the cross-sectional area of the moving fluid, times the speed of 
V 

the fluid, and so — = A 1 v 1 = A 2 v 2 . 


Av v, - V; 

b = m — = m — 

A t t 


= P 


= P 


(-] 

V t J 


(u U ) ~ P 


r V\(Av, A,v, 


V t J 


v A 


A. 


= P 


V t J 


1 _ 1 

v A A j 


f F ) 

2 

f i n 

V t ) 




= (l.OOxlO 3 kg/ m 3 ) 


^450L lmin lm 3 A 


-x- 


-x- 


min 60 s 1000L 


2 


i(0.75xl0“ 2 m )‘ ^j-(7.0xl0' 2 m) 


= 1259N 


1300N 


63. Apply Eq. 13-11 for the viscosity force. Use the average radius to calculate the plate area. 


f r A 


\ r ) 

V inner / 


( ; 


„ V F£ 

F - rjA— -> /7 = = 

/ ^4v ( 2 nr h ){(Or ) 

\ avg / \ inner / 


) 
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( 0.024 m-N^I 



(0.20x10 “ml 

v 0.0510 m y 

v / 


2;r (0.0520 m) (0.120 m) 


rev In rad lmin 

57 x x 

min rev 60 s 


7.9x10 ~Pa*s 


(0.0510m) 


64. The relationship between velocity and the force of viscosity is given by Eq. 
v 

13-1 1, F ■ = t)A — . The variable A is the area of contact between the 

V1S / 

moving surface and the liquid. For a cylinder, A = 2nrh. The variable / is 
the thickness of the fluid layer between the two surfaces. See the diagram. 

If the object falls with terminal velocity, then the net force must be 0, and so 
the viscous force will equal the weight. Note that 
/ = {(l.OOcrn - 0.900cm) - 0.05cm. 



F we,gh, = F v,s m g ~^A~ -> 


mgf mgf 

(0.15kg) 

(9.80m/s 2 )( 

0.050 xl0“ 2 m) 

1 

t]A Inrhrj 2 n | 

O 

X 

0 

in 

0 


(0.300m 

)(200x10 _3 N- 

,/ m q 


0.43 m/s 


65. Use Poiseuille’s equation (Eq. 13-12) to find the pressure difference. 


g ”R 4 {p,-p.) 




8/7/ 
SQtjf 


6.2x10 L lmin lxl0“ 3 m 3 

x x 

min 60s 1 L 


(0.2 Pa-s) (8.6 xlO -2 m) 


nR" 


n 


(0.9xl0~ 3 m) 


6900 Pa 


66. From Poiseuille’s equation, the volume flow rate Q is proportional to R 4 if all other factors are the 
same. Thus q/ R 4 = —is constant. If the volume of water used to water the garden is to be the 


t R 

same in both cases, then tR 4 is constant. 

= t 


— t^R^ — ^ — tj 


'U 


\ R 2j 


4 3/ 0 A 4 


= 0.13t, 




Thus the | time has been cut by 87% 


|67.| Use Poiseuille’s equation to find the radius, and then double the radius to the diameter. 


xR 4 (P 2 -P { ) ^ 
^ 8/7/ 
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8(l.8xlO _5 Pa-s)(l5.5m) 

( 8.0 x14.0 x4.0 mA 

8/7/0 

1/4 

= 2 

^ 720 s J 

1 

1 

1 

n (0.71 x 10 3 atm) (l.013x 10 5 Pa/atm) 


0.10m 


68. Use Poiseuille’s equation to find the pressure difference. 

Q = ^jAz3l ^ 


8/7/ 




8Qrj£ 8(650 cm 3 / s ) (1 0 6 m 3 / cm 3 )(0.20Pa-s)(l.9xl0 3 m) 


71 R 

= 1423 Pa 


^■(0.145m) 4 


1400 Pa 


2vro 2(0.35m/s)(0.80xl0“ 2 m)(l.05xl0 3 kg/m 3 ) 

69. {a) Re = = — — ^ ^ ^ = 1470 


11 


4x10 Pa*s 


The flow is | laminar | at this speed. 


(b) Since the velocity is doubled the Reynolds number will double to 2940. The flow is | turbulent| 
at this speed. 


70. From Poiseuille’s equation, Eq. 13-12, the volume flow rate Q is proportional to R if all other 
factors are the same. Thus Q/ R 4 is constant. 


Q 


R 4 , R 4 . 

nnal initial 


^fmal - 


/ \ 1/4 

' 0 ' 

^ final 


V ^initial J 


R ... = (0.15) R ... . = 0.622R ... , a 38% reduction. 

initial \ / initial initial 7 1 


71 . The fluid pressure must be 78 torr higher than air pressure as it exits the needle, so that the blood will 
enter the vein. The pressure at the entrance to the needle must be higher than 78 torr, due to the 
viscosity of the blood. To produce that excess pressure, the blood reservoir is placed above the level 
of the needle. Use Poiseuille’s equation to calculate the excess pressure needed due to the viscosity, 
and then use Eq. 13-6b to find the height of the blood reservoir necessary to produce that excess 
pressure. 


Q = 


7iR 4 (P 2 -P t ) 


/ 


8 / 7 ., J(Q 

p 2 = p i+ / ^ =p VMg Ah 


Ah = 


1 


'blood 


nRT 


Pb lood<? 




8/ 7 M Qo/g 

nR 4 


1.05: 


xlO 3 |(9.80 m/s 2 ) 
m ) v 7 


(78mm-Hg) 


6l33N/nf A 

1 nnn-Hg 


8 (4x 10 3 Pa*s) (2.5 x 10~ 2 m) 


( 2.0xl0~ 6 m 3 ^ 
60s 


n 


(0.4 x 10” 3 m) 


= 1.04m « 1.0m 
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72. In Figure 13-35, we have y = F/ 2/ . Use this to calculate the force. 


Y = 


F 

2 / 


3.4xlCT 3 N 
2 (0.070m) 


2.4 x 1(T 2 N/m 


73 


In Figure 13-35, we have y = F /2/ . Use this relationship to 
calculate the force. 


y = F/ 2/ F = 2y£ = 2(0.025N/m)(0.245m) 


1.2 x 10~ 2 N 


74. 


(a) 


We assume that the weight of the platinum ring is negligible. Then the surface tension is the 
force to lift the ring, divided by the length of surface that is being pulled. Surface tension will 


act at both edges of the ring, as in Figure 13-35b. Thus 


F 

2(2 nr) 


F 

Anr 


(b) 


F 

Anr 


5.80 x 10~ 3 N 
4^(2.8xl0“ 2 m) 


1.6x 10 2 N/m 


75. 


As an estimate, we assume that the surface tension force acts vertically. We assume that the tree- 
body diagram for the cylinder is similar to Figure 13-37(a) in the text. The weight must equal the 
total surface tension force. The needle is of length l. 


mg = 2 F t -» P netAle n(\d net<ae ) 2 £g = 2y£ -» 


d 


8 Y 

Pnee&\<F§ 


8 (0.072 N/m) 


(7800 kg/ m 3 );r (9.80 m/s 2 ) 


= 1.55x10 m 


1.5 mm 


76. Consider half of the soap bubble - a hemisphere. The forces on the 
hemisphere will be the surface tensions on the two circles and the net 
force from the excess pressure between the inside and the outside of 
the bubble. This net force is the sum of all the forces perpendicular 
to the surface of the hemisphere, but must be parallel to the surface 
tension. Therefore we can find it by finding the force on the circle 
that is the base of the hemisphere. The total force must be zero. 

Note that the forces FI , and F T act over the entire length of the 

T outer T inner c> 

circles to which they are applied. The diagram may look like there 
are 4 tension forces, but there are only 2. Likewise, there is only 1 
pressure force, F p , but it acts over the area of the hemisphere. 

2F t - F p — » 2(2nry) - nr 2 AP — » 



T outer 



77. The mass of liquid that rises in the tube will have the force of gravity acting down on it, and the 
force of surface tension acting upwards. The two forces must be equal for the liquid to be in 
equilibrium. The surface tension force is the surface tension times the circumference of the tube, 
since the tube circumference is the length of the “cut” in the liquid surface. The mass of the risen 
liquid is the density times the volume. 

F t = mg — > y2nr = pnr lvg — > 


h = 2 y/ pgr 
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78. (a) The fluid in the needle is confined, and so Pascal’s principle may be applied. 


P -P 

plunger needle 


F 


plunger 


F 


"^plunger "^needle 


F = F 

needle plunger 


A 


A 


■ = F 


nr: 


plunger 


plunger 2 

^plunger 


= F 


plunger 2 

plunger 


= (2.8N) 


(o.ioxicr’m ) 2 

(0.65xlCT 2 m) 2 


= 6.627 xlO~ 4 N 


6.6 x 10 N 


(b) F 


plunger = plunger plunger = (75 mm-Hg) 


A 133N/m 2 
1 mm-Hg 


^■(0. 65x10 2 m) = 


1.3N 


|79j The pressures for parts (a) and ( b ) stated in this problem are gauge pressures, relative to atmospheric 
pressure. The pressure change due to depth in a fluid is given by AP = pgAh . 


A P 

(a) Ah = y 

Pg ' 


(55 mm-Hg) 


^133N/m 2A 


1 mm-Hg 


. ™ g lkg lO^’CnV ^ 
1.00 — x ^x 


V 


cm’ lOOOg lm 3 


J 


(9.80 m/s 2 ) 


0.75 m 


A P 

( b ) Ah = 

Pg 


(650mm-H 2 O) 


^9.8 IN/ m 2 ^ 
v lmm-H 2 0 j 




V 


(9.80 m/s 2 ) 


0.65 m 


cm lOOOg lm j 

(c) For the fluid to just barely enter the vein, the fluid pressure must be the same as the blood 
pressure. 


(78 mm-Hg) 


^133N/m 2A 


1 mm-Hg 


A P 

Ah = — = -j — 6 — 3 x ° y = 1.059m = 

ps I ,.00Ax- n ^x'^-)(9.80m/p 


1.1m 


V 


cm 3 lOOOg lm 3 


80. The ball has three vertical forces on it - string tension, buoyant force, and gravity. See 
the ffee-body diagram for the ball. The net force must be 0. 

F cl = F T + F B - mg = 0 -» 

F t = mg - F b = f nrp Ca g - \nr p^ ia g = jnr 3 g (p Cu - p water ) 

= Y^(0.013m) 3 (9.80m/s 2 )(8900kg/ m 3 - 1000kg/ m 3 ) = 0.7125 N 


0.71N 



Since the water pushes up on the ball via the buoyant force, there is a downward force on the water 
due to the ball, equal in magnitude to the buoyant force. That mass-equivalent of that force 
(indicated by m B = F B /g) will show up as an increase in the balance reading. 

F n = \nrp^g -» 


g 


\nrp M = j^(0.013m) 3 (l000kg/m 3 ) = 9.203 xl0~ 3 kg = 9.203g 


Balance reading = 998.0 g + 9.2 g = 1 007.2 g 
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8 1 . The change in pressure with height is given by A P = pgAh . 

AP pgAh (l.29kg/m 3 )(9.80m/s 2 )(380m) 

AP = pgAh — » = = - — 7 - 

P 0 P 0 1.013x10 Pa 

AP = 0.047 atm 


0.047 -» 


82. (a) 


(b) 

(c) 


id) 

(e) 


The input pressure is equal to the output pressure. 


P =P 

input output 


F 


A , = A , , 

input output j - , 

F . 


F. 

F 

input 

output ^ 

A 

A 

input 

output 

= ?r(9. 

Ox 10 ~ 2 m ) 2 


350N 


(920kg) (9.80m/s 2 ) 


= 9.878x 10~ 4 m 2 


9.9x lO^m 2 


The work is the force needed to lift the car (its weight) times the vertical distance lifted. 
W = mgh = (920 kg) (9.80 m/s 2 ) (0.42 m) = 3787 J 


3800 J 


The work done by the input piston is equal to the work done in lifting the car. 

^inpuAnput _ ^output' ^ouptut “ 171 

(350N)(0.13m) 


W. . -W .. 

input output 


F ,d , 

input input 


= 5.047x10 m ; 


5.0x10 m 


mg (920kg)(9.80m/s 2 ) 

The number of strokes is the full distance divided by the distance per stroke. 

h a „ 0.42 m 


bfa\\ Ffh saoke 


N = ■ 


^stroke 5.047X10^ 


83 strokes 


The work input is the input force times the total distance moved by the input piston. 

-» 83(350N)(0.13m) = 3777 J 


W. = NF. d 

input input input 


3800 J 


Since the work input is equal to the work output, energy is conserved. 


83. 


The pressure change due to a change in height is given by AP = pgAh . That pressure is the excess 
force on the eardrum, divided by the area of the eardrum. 

F 

AP = pgAh = — — > 

A 


F = pgAhA — ( 1 .29 kg / m 2 ) (9.80 m/s 2 ) (950 m) (0. 20x10 4 m 2 ) 


0.24 N 


84. The change in pressure with height is given by AP = pgAh . 

AP pgAh (l. 05x1 0 3 kg/m 3 ) (9.80 m/s 2 )( 6 m) 

AP = pgAh -» = — — = - — = 0.609 -» 

P 0 P 0 1.013x10 Pa 


AP = 0.6 atm 
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85.| The pressure difference due to the lungs is the pressure change in the column of water. 
A P = pgAh 


Ah = = 


, J 133N/m 2 

(75mm-Hg) !— 

A P ^ 1 mm-Hg 


pg (l.00xl0 3 kg/m 3 )(9.80m/s 2 ) 
86. We use the relationship developed in Example 13-5. 


= 1.018 m ~ 1.0 m 


P = P 0 e 


-(fog/ p «) 


= (l.0atm)< 


■1.25x10 m (2400m) 


0.74 atm 


87. The buoyant force, equal to the weight of mantle displaced, must be equal to the weight of the 

continent. Let h represent the full height of the continent, and y represent the height of the continent 
above the surrounding rock. 


W =W 

continent displaced 

mantle 


Ah P^*g = A ( h ~y) P mantle g 


y = h 


^ P continent 

V P mantle ) 


= (35km) 


1- 


2800 kg/m 
3300 kg/m 3 




5.3km 


k The “extra” buoyant force on the ship, due to the loaded fresh water, is the weight of “extra” 

displaced seawater, as indicated by the ship floating lower in the sea. This buoyant force is given by 
F. = V.. . ,p e. But this “extra” buoyant force is what holds up the fresh water, and so must 

buoyant displaced" sea o J ir 

water 

also be equal to the weight of the fresh water. 


■^buoyant ^displaced^ sea g = ‘ Afresh 


m (res h = (2240 m 2 ) (8.50m) (l025kg/m 3 ) = 1.95xl0 7 kg 


This can also be expressed as a volume. 

1.95xl0 7 kg 


m, . 

ir fresh 


1.95xl0 4 m 3 


1.95x10 L 


P fresh 1-OOXlO kg/m 

89. (a) We assume that the one descending is close enough to the surface of the Earth that constant 

density may be assumed. Take Eq. 13-6b, modify it for rising, and differentiate it with respect 
to time. 

P = P,~Pg}’ -» 


dP 


= ~pg— = -(l.29kg/m 3 )(9.80m/s 2 )(-7.0m/s) = 88.49 Pa/s ~ 88Pa/s 
dt dt v 7 v 7 


Ay 350 m 

(. b ) Ay-vt — > t = — = ■ 


v 7.0 m/s 


50s 


(2 sig. fig.) 


90. The buoyant force must be equal to the weight of the water displaced by the full volume of the logs, 
and must also be equal to the full weight of the raft plus the passengers. Let N represent the number 
of passengers. 

weight of water displaced by logs = weight of people + weight of logs 


— > 


12 { V log Pw,t a g) = ^person g + 12 (^ogAogg) 

1 2 l/og ( P water _ P\o% ) _ 1 2 -^"kog^log (/^water _ ^^log^water ) _ 1 2 ^' 7 iog^log^ , water (l _ ^^log ) 


N = 


m 


m 


m 
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\2n (0.225 m) 2 (6. 1 m) (lOOO kg/m 3 ) (l - 0.60) 


68 kg 


= 68.48 


Thus | 68 | people can stand on the raft without getting wet. When the 69 th person gets on, the raft 
will go under the surface. 


|91.| We assume that the air pressure is due to the weight of the atmosphere, with the area equal to the 
surface area of the Earth. 

F 

P = — — > F - PA - mg — > 

A 


m = 


PA 4nRl M] P 4^(6.38xl0 6 m) 2 ( 1.013 xlO 5 n/ m 2 ) 


g 


g 


9.80 m/s 2 


= 5.29xl0 18 kg = 5xl0 18 kg 


92. The work done during each heartbeat is the force on the fluid times the distance that the fluid moves 
in the direction of the force. 

W - FAl - PAM = PV -> 


W PV 


(I05mm-Hg) 


^133N/nr 
1 mm-Hg 


(70xl0 _6 m 3 ) 


t t 

— mm 

f 60 s') 


1 70 ) 

v min y 


= 1.1W 


1W 


93. (a) We assume that the water is launched at ground level. Since it also lands at ground level, the 
level range formula from Example 3-10 may be used. 


R =-*- 


v„ 810 26* 


g 


v o - 


Rg 

810 26 * 


(7.0m)(9.80m/s 2 ) 


sin 70° 


= 8.544 m/s = 8.5 m/s 


( b ) The volume rate of flow is the area of the flow times the speed of the flow. Multiply by 4 for 
the 4 heads. 

Volume flow rate - Av = 4 nr 2 v = 4n(\.5 x 1 0 3 m ) (8.544 m/s) 


= 2.416 xlO” 4 m 3 


Hr 


1 L 


0 x 1 0“ 3 m 3 


0.24 L/s 


(c) Use the equation of continuity to calculate the flow rate in the supply pipe. 

( AV ) SUWl y=( AV ) ' ” 


2.416x10 4 m 3 /s 


f heads ^ ^supply 


4uppiy ^(0.95xl0‘ 2 m)" 


0.85m/s 


94. The buoyant force on the rock is the force that would be on a mass of water with the same volume as 
the rock. Since the equivalent mass of water is accelerating upward, that same acceleration must be 
taken into account in the calculation of the buoyant force. 


F 


buoyant m watag W water fl 


F„. = m (g + a) = E wate /? wate (g + a) = E rock /? water (g + a) = (g + a) 


buoyant ‘‘water 


m 

n 

P rock 


m 


SG„ 


(g + L8g) = 


(3.0 kg) 2.8 (9. 80 m/s 2 ) 


2.7 


= 30.49 N 


30N 


(2 sig. fig.) 
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For the rock to not sink, the upward buoyant force on the rock minus the weight of the rock must be 
equal to the net force on the rock. 

^buoyant ~ ^rockg = «rock« “» ^buoyant = ™rock {g + «) = (3-0 kg) 2.8 (9.80 m/ S 2 ) = 82 N 
The rock will sink , because the buoyant force is not large enough to “float” the rock. 


95. Apply both Bernoulli’s equation and the equation of continuity at the two locations of the stream, 
with the faucet being location 0 and the lower position being location 1 . The pressure will be air 
pressure at both locations. The lower location has y l = 0 and the faucet is at height y 0 = y . 


V 1 = v o ■ 


T)‘ 

n(dj2f 


p, + , i>k + />gy„ = y + : -> y + igy = v : = v- ;; -» 

a. 



96. (a) 


(b) 


Apply Bernoulli’s equation between the surface of the water in the sink and the lower end of the 
siphon tube. Note that both are open to the air, and so the pressure at both is air pressure. 

^op + lP V i P + Pgy t op = + lP V bo„om + P Sy bottom 

^bottom = V 2 ^(^op-Tbottom) = ^2 (9.80 m/s" ) (0.44 m) = 2.937 m/s = 

The volume flow rate (at the lower end of the tube) times the elapsed time must equal the 
volume of water in the sink. 




(0.38m 2 )(4.0xl0 2 m) 

— ^— 2 — = 16.47 s = 16s 

^•(l.OxlO' 2 m ) (2.937 m/s) 


97.| The upward force due to air pressure on the bottom of the wing must be equal to the weight of the 
airplane plus the downward force due to air pressure on the top of the wing. Bernoulli’s equation 
can be used to relate the forces due to air pressure. We assume that there is no appreciable height 
difference between the top and the bottom of the wing. 
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98. We label three vertical levels. Level 0 is at the pump, and the supply tube 
has a radius of r 0 at that location. Level 1 is at the nozzle, and the nozzle 

has a radius of i\ . Level 1 is a height above level 0. Level 2 is the 
highest point reached by the water. Level 2 is a height h 2 above level 1. We 

may write Bernoulli’s equation relating any 2 of the levels, and we may 
write the equation of continuity relating any 2 of the levels. The desired 
result is the gauge pressure of the pump, which would be P 0 - P tm . Start by 
using Bernoulli’s equation to relate level 0 to level 1. 

p 0 + PSK + \Pv] = Pi + PgK + 2 P v \ 

Since level 1 is open to the air, P ] = P dlm . Use that in the above equation. 


A 


V 

A 

l 

I 

l 

l 

h, 


V 



■P«n=pgh- l +lpv 1 -jpv l 


Use the equation of continuity to relate level 0 to level 1, and then use that result in the Bernoulli 
expression above. 


A 0 v 0 = A t v, 


-> 7tr 2 v 0 = 


/f d x 

v o=— 

r o d o 


(d\ 1 

2 

1 2 

f d'A 

■rrVj 

= PgK + 2 P v i 


Uo 2 

l d 0 J 


p 0 -p^ = psK+\p v I ~\p 

Use Bernoulli’s equation to relate levels 1 and 2. Since both levels are open to the air, the pressures 
are the same. Also note that the speed at level 2 is zero. Use that result in the Bernoulli expression 
above. 

Pi + PgK + 2 P V l = P 2 + Pg 0 K + K ) + 2 P v l V l = 2 g h l 

( d <\ r (d 4 \ 

P»-P^= PgK + lP v l ] ~~P =pg h i + h 2 !-ur 

V “o y L V “o )_ 

- (l.OOxlO 3 kg/ m 3 ) (9. 80 m/s ’)[>■ lm + (0.14m)(l - 0.5 4 )] 


= 12066N/m 2 = 1.2xl0 4 N/m 2 


99. 


We assume that there is no appreciable height difference to be considered between the two sides of 
the window. Then the net force on the window due to the air is the difference in pressure on the two 
sides of the window, times the area of the window. The difference in pressure can be found from 
Bernoulli’s equation. 


inside + i/ ,v r„ si de +AgV inside ~ ■^outside + 7/ n U,t sl de+ Pgy a 


p -P 

inside outside 


-\p v 2 . 

2 ' air out 


outside 

F 


A 


roof 


= IP * rUutiideAoof = 7 (l -29 kg/m' ) 


(200 km/h) 


lm/s 

3.6km/h 


(6.0m’ ) = 


1.2x10 N 




100. From Poiseuille’s equation, the viscosity can be found from the volume flow rate, the geometry of 
the tube, and the pressure difference. The pressure difference over the length of the tube is the same 
as the pressure difference due to the height of the reservoir, assuming that the open end of the needle 
is at atmospheric pressure. 
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nR 4 (P 2 -P.) 

Q = — ; P 2 -P l = p bl0 0 i gh -> 

8/7/ 


rj = 


nR 4 (P 2 - P t 

) _ nR 4 p bXooi gh _ ^(0.20xl0- 3 m) 4 (l.05xl0 3 kg/m 3 ) 

(9.80m/s 2 )(l.30m) 

80/ 

m 8 

T 

cm 1 min 10 m 

4.1 x x — 

min 60 s cm 

(3.8 x 10~ 2 m) 


3.2x10 Pa*s 


101. The net force is 0 if the balloon is moving at terminal velocity. Therefore the upwards buoyancy 
force (equal to the weight of the displaced air) must be equal to the net downwards force of the 
weight of the balloon material plus the weight of the helium plus the drag force at terminal velocity. 
Find the terminal velocity, and use that to find the time to rise 12 m. 


F B m ba\\oon§ ^Helium 


§ + F D 




f W'P* 


S = ^baiioon g + f nr 3 + \C D p A nr\\ 


— > 


/ 2 [f TTr 3 (/? air - /? He ) - m ] g- h 
1 L = — — > t = h 


C n p . nr 1 

D' air 


C n p . nr 

D' air 


2 )-™],g 


— > 


t = (12m) 


(0.47)(l.29kg/m 3 ) 

1^(0. 15m) 2 

2 y^(0.15m) 3 (l.29kg/m 3 -0.179kg/m 3 ) 

1- (0.0028 kg) 

(9.80m/ s 2 ) 


4.9s 


102. From Poiseuille’s equation, the volume flow rate Q is proportional to R 4 if all other factors are the 
same. Thus Q/ R 4 is constant. Also, if the diameter is reduced by 15%, so is the radius. 

^fmal ^initial , Qfina\ F f\ 


— » 


final initial 


Si 


R 

initial initial 


= (0.85) =0.52 


[The flow rate is 52% of the original value 


|103.| Use the definition of density and specific gravity, and then solve for the fat fraction,/ 
m M = m f = V m p m ; m M = m (l - /) = V m p h 


fat 

free free 


P body = X P water 


m. 


™M + m M 


m 


1 


V 


K» + K r m f | f , (!-/) 

P fat P fat P fat P fat 


— > 


PfatPfa 


/=' 


I at r fat 
free 


Xp 

4.95 

X 


P fat _ 1 

(0.90g/cm 3 ) 

(l.l0g/cm 3 ) 

1 

(0.90g/cm 3 ) 

y 

) 

r \ 

Pm ~ Pm 1 

y free ) 

X\ 

(l.0g/cm 3 ) 

(0.20 g / cm 3 

n 

(0.20g/cnf ) 


f 

Pm ~ Pm 

y free 


■4.5 -» % Body fat = 100/ = 100 


( 4.95 4 

495 

4.5 = 

450 

l X J 

X 
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104. The graph is shown. The best-fit 
equations as calculated by Excel are 
also shown. Let P represent the 
pressure in kPa and y the altitude in m. 

The spreadsheet used for this problem 
can be found on the Media Manager, 
with filename 

“PSE4_ISM_CH13.XLS,” on tab 
“Problem 13.104.” 


(a) Quadratic fit: P quad = (3.9409 x 10' 7 )y 2 - (1.1344 x 10‘ 2 )y + 100.91 , 
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Responses to Questions 

[T] Examples are: a child’s swing (SHM, for small oscillations), stereo speakers (complicated motion, 
the addition of many SHMs), the blade on a jigsaw (approximately SHM), the string on a guitar 
(complicated motion, the addition of many SHMs). 

2. The acceleration of a simple harmonic oscillator is momentarily zero as the mass passes through the 
equilibrium point. At this point, there is no force on the mass and therefore no acceleration. 

3. When the engine is running at constant speed, the piston will have a constant period. The piston has 
zero velocity at the top and bottom of its path. Both of these properties are also properties of SHM. 
In addition, there is a large force exerted on the piston at one extreme of its motion, from the 
combustion of the fuel-air mixture, and in SHM the largest forces occur at the extremes of the 
motion. 

4. The true period will be larger and the true frequency will be smaller. The spring needs to accelerate 
not only the mass attached to its end, but also its own mass. As a mass on a spring oscillates, 
potential energy is converted into kinetic energy. The maximum potential energy depends on the 
displacement of the mass. This maximum potential energy is converted into the maximum kinetic 
energy, but if the mass being accelerated is larger then the velocity will be smaller for the same 
amount of energy. A smaller velocity translates into a longer period and a smaller frequency. 


5. 


The maximum speed of a simple harmonic oscillator is given by v - A 
can be doubled by doubling the amplitude, A. 



The maximum speed 


6. Before the trout is released, the scale reading is zero. When the trout is released, it will fall 

downward, stretching the spring to beyond its equilibrium point so that the scale reads something 
over 5 kg. Then the spring force will pull the trout back up, again to a point beyond the equilibrium 
point, so that the scale will read something less than 5 kg. The spring will undergo damped 
oscillations about equilibrium and eventually come to rest at equilibrium. The corresponding scale 
readings will oscillate about the 5-kg mark, and eventually come to rest at 5 kg. 

[ 7 ] At high altitude, g is slightly smaller than it is at sea level. If g is smaller, then the period T of the 
pendulum clock will be longer, and the clock will run slow (or lose time). 


8. The tire swing is a good approximation of a simple pendulum. Pull the tire back a short distance and 
release it, so that it oscillates as a pendulum in simple harmonic motion with a small amplitude. 
Measure the period of the oscillations and calculate the length of the pendulum from the expression 



. The length, f, is the distance from the center of the tire to the branch. The height of the 


branch is l plus the height of the center of the tire above the ground. 


9. The displacement and velocity vectors are in the same direction while the oscillator is moving away 
from its equilibrium position. The displacement and acceleration vectors are never in the same 
direction. 
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10 . 

11 . 

12 . 


13. 


14. 

15. 


16. 


17. 


18. 


19 


20 . 


The period will be unchanged, so the time will be (c), two seconds. The period of a simple pendulum 
oscillating with a small amplitude does not depend on the mass. 

The two masses reach the equilibrium point simultaneously. The angular frequency is independent of 
amplitude and will be the same for both systems. 

Empty. The period of the oscillation of a spring increases with increasing mass, so when the car is 
empty the period of the harmonic motion of the springs will be shorter, and the car will bounce 
faster. 

When walking at a normal pace, about 1 s (timed). The faster you walk, the shorter the period. The 
shorter your legs, the shorter the period. 

When you rise to a standing position, you raise your center of mass and effectively shorten the 
length of the swing. The period of the swing will decrease. 

The frequency will decrease. For a physical pendulum, the period is proportional to the square root 
of the moment of inertia divided by the mass. When the small sphere is added to the end of the rod, 
both the moment of inertia and the mass of the pendulum increase. However, the increase in the 
moment of inertia will be greater because the added mass is located far from the axis of rotation. 
Therefore, the period will increase and the frequency will decrease. 

When the 264-Hz fork is set into vibration, the sound waves generated are close enough in frequency 
to the resonance frequency of the 260-Hz fork to cause it to vibrate. The 420-Hz fork has a 
resonance frequency far from 264 Hz and far from the harmonic at 528 Hz, so it will not begin to 
vibrate. 

If you shake the pan at a resonant frequency, standing waves will be set up in the water and it will 
slosh back and forth. Shaking the pan at other frequencies will not create large waves. The individual 
water molecules will move but not in a coherent way. 

Examples of resonance are: pushing a child on a swing (if you push at one of the limits of the 
oscillation), blowing across the top of a bottle, producing a note from a flute or organ pipe. 

Y es. Rattles which occur only when driving at certain speeds are most likely resonance phenomena. 

Building with lighter materials doesn’t necessarily make it easier to set up resonance vibrations, but 
it does shift the fundamental frequency and decrease the ability of the building to dampen 
oscillations. Resonance vibrations will be more noticeable and more likely to cause damage to the 
structure. 


Solutions to Problems 

[l] The particle would travel four times the amplitude: from x = A to x = 0 to x = -A to x = 0 to 


= A. So the total distance = 4 A = 4(0.18m) = 


0.72 m 


2. The spring constant is the ratio of external applied force to displacement. 
180 N -75 N 105 N 


F 

k = — 


0.85 m -0.65 m 0.20 m 


= 525N/m = 530N/m 
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3. The spring constant is found from the ratio of applied force to displacement. 

F mg (68 kg) (9. 80 m/s 2 ) 

k = f^ = ^- = 2. r'A — : — L - E333xl0 5 N/m 

x x 5.0x10 m 

The frequency of oscillation is found from the total mass and the spring constant. 


, 1 k 1 1.333X10 3 N/m 

f = — J— = — . — =1.467 Hz = 1 1.5 Hz 


2 n\m 2n\ 1568 kg 


4. (a) The motion starts at the maximum extension, and so is a cosine. The amplitude is the 

displacement at the start of the motion. 


x = Acos(cot) = A 


cos 


(in ^ 


(2 n \ 

— t 

= (8.8 cm) cos 

1 

\T ) 


^0.66 J 


= (8.8cm)cos(9.520t) 


(8.8cm)cos(9.5t) 


(b) Evaluate the position function at t = 1.8 s. 

x = (8.8 cm) cos (9.520s" 1 (1.8s)) = -1.252 cm = 


-1.3 cm 


5. The period is 2.0 seconds, and the mass is 35 kg. The spring constant can be calculated from Eq. 14- 
7b. 

r = 2*.|” -> -> * = 4^^=4^2^ = 135011/ 


(2.0s)" 


m 


6. (a) The spring constant is found from the ratio of applied force to displacement. 

F xt _ mg _ (2.4kg) (9.80m/s 2 ) 


Ji ext _ o _ 

X X 


0.036m 


■ = 653N/m= 650N/m 


2.5 cm 


(b) The amplitude is the distance pulled down from equilibrium, so A ~ | 

The frequency of oscillation is found from the oscillating mass and the spring constant. 
1 [k 1 1 653 N/m 


/ = 


2tt v m 2n V 2.4kg 


= 2.625 Hz 


2.6 Hz 


[ 7 ] The maximum velocity is given by Eq. 14-9a. 

2^T 2n (0.1 5 m) 


v = 0)A = - 


7.0s 


0.1 3 m/s 


The maximum acceleration is given by Eq. 14-9b. 

2j 4 tt 2 A 4^- 2 (0.15m) /2 r - ; r 

a =(l)A = — — = — - = 0.1209 m/s" = 0.12 m/ s 

T 2 (7.0s) 2 ' - 


a 


g 


0.1209 m/s 2 
9.80 m/s 2 


= 1.2x10 =1.2% 
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The table of data is 
shown, along with 
the smoothed graph. 
Every quarter of a 
period, the mass 
moves from an 
extreme point to the 
equilibrium. The 
graph resembles a 


time 

positic 

0 

-A 

T/4 

0 

T/2 

A 

3T/4 

0 

T 

-A 

5T/4 

0 


cosine 


wave (actually, 


the opposite of a cosine wave). 



9. The relationship between frequency, mass, and spring constant is Eq. 14-7a, / = 


1 

2 n V m 


(a) / = — — -> k = 4 n 2 f"m = 4 n 2 (4.0 Hz) 2 (2.5xl(T 4 kg) = 0.1579 N/m « |o,16N/m 
2 n V tn 


J_ k_ = J_ 0.1579 N/m 
' ” 2^- V/w ” 2^-V5.0xl0^kg 


2.8 Hz 


10. The spring constant is the same regardless of what mass is attached to the spring. 


1 


/ ~ T A — 

2 n V m An 


= mf 2 = constant — > m x f 2 = m 2 f 2 — > 

(0.68 kg) (0.60 Hz) 2 


(m kg) (0.83 Hz) - = (m kg + 0.68 kg)(0.60 Hz) - -+ 


m = 


(0.83 Hz) 2 - (0.60 Hz) 2 


0.74 kg 


11. We assume that the spring is stretched some distance y 0 while the 

rod is in equilibrium and horizontal. Calculate the net torque 
about point A while the object is in equilibrium, with clockwise 
torques as positive. 

= Mg(\£) - Ff = \Mgi-ky / = 0 
Now consider the rod being displaced an additional distance y 
below the horizontal, so that the rod makes a small angle of 0 as shown in the tree-body diagram. 
Again write the net torque about point A. If the angle is small, then there has been no appreciable 
horizontal displacement of the rod. 

2 > = Mg{\£) - F£ = \Mg£ -k{y + y 0 )£ = Ia = \M £ 2 ^ 

at" 

Include the equilibrium condition, and the approximation that y = / sin 6 ~ £0. 

\Mg£ -ky£ ~ky 0 £ = \M£ 2 ^-^- — > fMg£-k\>£-f_Mg£ = \M£ 2 ^-^- — > 

dt" " ” ~ dt 



-k£ 2 9 = \M£ ld -4- 

3 dt 2 


— > 


d 2 e 3 k 


+ — 0 = 0 


dr M 


2 3k 

This is the equation for simple harmonic motion, corresponding to Eq. 14-3, with CO = — . 

M 
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co 2 = An 2 / 2 =^~ -» / = 
M 


2 n\M 


12. (a) We find the effective spring constant from the mass and the frequency of oscillation. 


k = An 2 mf =4n 2 (0.055kg) (3.0 Hz)' = 19.54 N/m« 20N/m (2sigfig) 


(b) Since the objects are the same size and shape, we anticipate that the spring constant is the same. 


/ = — —= — 
2 n V m 2 n 1 


19.54N/m 
0.25 kg 


1.4 Hz 


13. 

(a) For A, the amplitude is A a = 

2.5 m 

. For B, the amplitude is A B - 

3.5 m 


(. b ) For A, the frequency is 1 cycle every 4.0 seconds, so f A = 

I 1 

cycle every 2.0 seconds, so / B = 

(c) For C, the period is T A = 


0.50Hz 


4.0 s 


. For B, the period is T B - 


0.25 Hz 



2.0s 



. For B, the frequency is 1 


(d) Object A has a displacement of 0 when t = 0 , so it is a sine function. 
x A = A A sm(2nf A t) - 


x A = (2.5 m) sin (\nt) 


Object B has a maximum displacement when t = 0 , so it is a cosine function. 

X D 


= A B cos(2nf B t) — > x B = (3.5m) cos (nt) 


14. Eq. 14-4 is x = Acos(a>t + 0) . 

(a) If x(0) = -A, then -A = Acostp — » 0 = cos~‘(-l) 
(. b ) If x(0) = 0 , then 0 = Acostp — > ^ = cos _1 (0) — > 


— > 


(, i) = n 


1 = ±t n 


( c ) If x(0) = A , then A = Acost/) — » ^ = cos‘(l) — > |^ = 0 
{d) If x(0) = \A, then jA = Acostp — 


' = cos 


-'(*) 


1 = ±\n 


( e ) If x(0) = -\A , then -jA = Acos0 — 
{/) If x(0) = H/V2,then H/V2 COS0 


' = COS 1 (-y) - 

Ai) 


>=±T It 


’ = COS Mr 


' = ±^n 


The ambiguity in the answers is due to not knowing the direction of motion at t = 0. 

15. We assume that downward is the positive direction of motion. For this motion, we have 

k = 305 N/m , A = 0.280 m, m = 0.260 kg, and a> = *Jk/m = ^(305N/m)/0.260 kg = 34.250 rad/s . 

(a) Since the mass has a zero displacement and a positive velocity at t = 0, the equation is a sine 
function. 


y(?) = (0.280 m) sin [(34.3 rad/s) t] 
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( b ) The period of oscillation is given by T = 


2n 


In 


0 ) 34.25 rad/s 


= 0.1 8345 s . The spring will have 


its maximum extension at times given by the following. 


t = — VnT — 

max ^ 


4.59x10 2 s + /? (0. 183 s), n = 0,1,2,- 


The spring will have its minimum extension at times given by the following. 
3 T 

t . = 1- nT = 

mm 4 


1.38x10 's + n (0.183 s), n = 0,1,2,- 


16. (a) From the graph, the period is 0.69 s. The period and the mass can be used to find the spring 
constant. 


T = 2nJ— -> k = 4n 2 ^ = 4n 2 0 0095k f = 0.7877 N/m « 0.79 N/m 
U T (0.69s) 2 ’ — 

(. b ) From the graph, the amplitude is 0.82 cm. The phase constant can be found from the initial 
conditions. 



( 2 n Z 


(in P 

X = ^cos 

— i + $ 

- (0.82 cm) cos 

t + tf 


l T ) 


10.69 ) 


x(0) = (0.82 cm) cos </> = 0.43 


cm 


-,0.43 +, no n 

' = cos = ±1.02 rad 

0.82 


Because the graph is shifted to the RIGHT from the 0-phase cosine, the phase constant must be 
subtracted. 


x = 


(0.82 cm) 


cos 


2 n 
0.69 


5 


t-1.0 


J 


or (0.82cm)cos(9.1t- 1.0) 


17. ( a ) The period and frequency are found from the angular frequency. 

1 5 n 


co = 2nf — » f = —a> = 

2 n 2 n 4 


-Hz 


1 

T = — = 

f 


1.6 s 


(. b ) The velocity is the derivative of the position. 



/ 5 n n ^ 

l d* „ xi 

( 

x = (3.8 m) cos 

—t + — 

i v = — — = — (3.8 m) 



l 4 6 ) 

dt 

l 4 ) 


sm 


5 n n 

1 H 

V 4 6 J 


f n ^ 


6J 


3.3 m 


x(0) = (3.8m)cos 
(c) The acceleration is the derivative of the velocity 
v = -(3.8m) 


v(0) = -(3.8m) 


( 5 n^ 
4 , 


sm 


f n^ 




-7.5 m/s 


2 5 n'' 


( 5 n 

n\ 


sin 

— 1 + — 

l 4 J 


K 4 

6J 


a = — = -(3.8m) 
dt 


2 5 n^ 

2 

( 5 n 

n\ 

— 

COS 

— 1 + — 

1 4 J 


K 4 

6J 


v(2.0) = -(3.8m) 


( 5 n\ . f 5 n , , n\ 

sm — (2.0) + — 

l 4 6 ) 


r (2.0) = -(3.8m) 


4 J 
5n_^ 

T; 


-13m/s 


cos 


( 5n , , n) 

— (2-°)± - 


29 m/ s 2 

V 4 6j 
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18. (a) The maximum speed is given by Eq. 14-9a. 


= 2nf A = 2^(441Hz)(l.5xlO _3 m) = 4.2m/s 


( b ) The maximum acceleration is given by Eq. 14-9b. 


= 4 7i 2 f 2 A = An 1 ( 44 1 Hz) 2 ( 1 .5 x 1 CT 3 m) = 1 .2 x 1 0 4 m/s 


19. | When the object is at rest, the magnitude of the spring force is equal to the force of gravity. This 
determines the spring constant. The period can then be found. 


Z F *tai =fef o ~ m S 


k = ^ 


m 


T = 2 n. — = 2 n 

n 


m „ 1x7 „ 0.14m 

— = 2^ — = 2 n -j— 

rng y Z V 9. 80 m/s- 


0.75 s 


20. The spring constant can be found from the stretch distance corresponding to the weight suspended on 
the spring. 

^ext_^_( 1 - 62k g)( 9 - 80m / s2 ) 


k — ext o_ _ 

X X 


0.215m 


■ = 73.84N/ 


m 


After being stretched further and released, the mass will oscillate. It takes one-quarter of a period for 
the mass to move from the maximum displacement to the equilibrium position. 

n I 1.62 kg 


jT = \2n^k=^ 


73.84 N/m 


0.233 s 


21 . Each object will pass through the origin at the times when the argument of its sine function is a 
multiple of n. 


A: 2.0t A = n K n 
B: 3.0? d = njt 


W A = 1,2,3,... so t A =\n,n,\n, 2n,\n, 2,n,\n, An,... 

tg ~ b 2, 3, . . . SO t B t 7T, — 7T, 71 ^ — 71 , t 7T, 2tT, — 71 , ~ 71 \ 3 71 , 


Thus we see the first three times are brs, 2tz%, 3^s or 3.1s, 6.3s, 9.4s . 


22. ( a ) The object starts at the maximum displacement in the positive direction, and so will be 
represented by a cosine function. The mass, period, and amplitude are given. 

2 77 


= 11.4 rad/s — > y = (0.16m) cos(l It) 


277 

A = 0.16m; co = — = ■ 

T 0.55s 

(b) The time to reach the equilibrium is one-quarter of a period, so |(0.55s) = 

(c) The maximum speed is given by Eq. 14-9a. 

v 


0.14s 


= ta4 = (ll.4rad/s)(0.16m) = 1.8m/s 


(d) The maximum acceleration is given by Eq. 14-9b. 


a max = 0)2 A = (ll.4rad/s)‘ (0.16m) = 2.1m/s 


The maximum acceleration occurs at the endpoints of the motion, and is first attained at the 
release point. 
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23. The period of the jumper’s motion is T = 

from the period and the jumper’s mass. 

\m 


43.0 s 
8 cycles 


= 5.375 s . The spring constant can then be found 


m 


.... \7Tm An 2 (65.0kg) , 

T - 2nA — -> k = — — = fA = 88.821 N/m « 88.8N/ 

U T 1 (5.375s)- 

The stretch of the bungee cord needs to provide a force equal to the weight of the jumper when he is 
at the equilibrium point. 

mg (65.0 kg) (9. 80 m/s 2 ) 

kAx = mg — » Ax = = - = 7. 17 m 

k 88.821N/m 


Thus the unstretched bungee cord must be 25.0 m-7.17 m = 


24. Consider the first free-body diagram for the block while it is 
at equilibrium, so that the net force is zero. Newton’s 
second law for vertical forces, with up as positive, gives this. 

X F y = F A +F b~ m s = 0 -» F A +F B = m S 

Now consider the second tree-body diagram, in which the 
block is displaced a distance x from the equilibrium point. 

Each upward force will have increased by an amount -kx , 
since x < 0 . Again write Newton’s second law for vertical forces. 

X F y = F net = K + K - m s = F A -kx + F B -kx- mg = -2kx + ( F A + F B - mg ) = -2 kx 

This is the general form of a restoring force that produces SHM, with an effective spring constant of 
2k . Thus the frequency of vibration is as follows. 



/=7“ Affective/" 2 = 

in 



£5 


(a) 


If the block is displaced a distance x to the right in Figure 14-32a, then the length of spring # 1 
will be increased by a distance x, and the length of spring # 2 will be increased by a distance 


x 2 , where x = x, + x 2 . The force on the block can be written F = -k ctr x. Because the springs 
are massless, they act similar to a rope under tension, and the same force F is exerted by each 
spring. Thus F = -k ef[ x = -k ] x ] = -k 2 x 2 . 


X = X, + x 2 


F 

F 

-F 

r 1 

n 

F 

1 1 1 

— 

= 

— + — 

= 

— > — 1 

K 

k 2 



k 2 j 

An- 

An A A 




r 

f 1 



In 

m 

— + — 




IA 

AJ 



( b ) The block will be in equilibrium when it is stationary, and so the net force at that location is 
zero. Then, if the block is displaced a distance x to the right in the diagram, then spring # 1 will 
exert an additional force of F x = -k 2 x , in the opposite direction to x. Likewise, spring # 2 will 

exert an additional force F 2 = -k 2 x , in the same direction as . Thus the net force on the 
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displaced block is F = F t +F 2 = -k x x - k 2 x = - 
k - k x + k 2 , and the period is given by T = 2 n. 


[k t +k 2 )x . The effective spring constant is thus 


lm 


m 

1 — = 

2n A 


y k 

V 

k x + k 2 


26. The impulse, which acts for a very short time, changes the momentum of the mass, giving it an initial 
velocity v 0 . Because this occurs at the equilibrium position, this is the maximum velocity of the 
mass. Since the motion starts at the equilibrium position, we represent the motion by a sine function. 

J [k 

J = Ap = mAv - mv 0 - 0 = mv 0 — > v 0 = — = - Aco = A, — — > 

m ™ x V tn 


FaF -> A. 


j 


m 


m 


sjkm 


— » x = Asmcot = 



27. The various values can be found from the equation of motion, x = Acoscot = 0.650 cos 7.40t. 
(a) The amplitude is the maximum value of x, and so A - | 

7.40 rad/s 


0.650 m 


co 


1.18Hz 


(. b ) The frequency is / = 

2 n In rad 

(c) The total energy can be found from the maximum potential energy. 

E = U m =\kA 2 =\mO) 2 A 1 =f(l. 15kg)(7.40 rad/s) 2 (0.650m) 2 = 13.303 J 


13.3 J 


(d) The potential energy can be found from U = \kx 2 , and the kinetic energy from E = U + K. 
U = \kx 2 = \ mcrfx 2 - i(l. 15kg) (7.40rad/s) 2 (0.260m) 2 = 1 


2.1 J 


K-E-U = 13.3J-2.1J=11.2J 


28. ( a ) The total energy is the maximum potential energy. 


U = \E -» \kx 1 =\(\kA 2 ) -» x = a) ^2 ~ 0.707 A 
(b) Now we are given that x = }A. 


U_ 

E 


, kx 
;kA 2 


Thus the energy is divided up into j potential and f kinetic 


29. The total energy can be found from the spring constant and the amplitude. 
E - j- kA 2 =j( 95 N/rn) (0.020 m) 2 = 0.019 J 
That is represented by the horizontal line on the graph. 

(a) From the graph, at x = 1.5 cm, we have U ~ 0.01 1 J 


(. b ) From energy conservation, at x = 1.5 cm, we have K = E -U = 0.008 J 
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( c ) Find the speed from the 
estimated kinetic energy. 
K = fmv 1 — > 


v = 



2(0.008J) 
I 0.055kg 


0.5 m/s 


The spreadsheet used for this problem 
can be found on the Media Manager, 
with filename 

“PSE4 ISM CH14.XLS,” on tab “Problem 14.29.’ 



30. (a) At equilibrium, the velocity is its maximum. Use Eq. 14-9a, and realize that the object can be 
moving in either direction. 

Vmax =fflX = 2^/4 = 2^(2.5Hz)(0.15m) = 2.356m/s - 
(b) From Eq. 14-1 lb, we find the velocity at any position. 


equib 


±2.4 m/s 


v = ±v max\ 1— T =±(2.356 m/s), 


A 


ll- (0.10m) =±L756m / s J ±L8m / s 
(0.15m)" 


0.97 J 


W = y (0.35 kg) (2.356 m/s) 2 = 0.9714 J 

(d) Since the object has a maximum displacement at t = 0, the position will be described by the 
cosine function. 


= (0.15m)cos(2;r(2.5 Hz)f) — > x = (0.15m)cos(5.0^t) 


|31.| The spring constant is found from the ratio of applied force to displacement. 
F 95.0 N 


k = — = ■ 


■ = 542.9 N/m 


x 0.175 m 

Assuming that there are no dissipative forces acting on the ball, the elastic potential energy in the 
loaded position will become kinetic energy of the ball. 


E.-E, — > fkx" = |mv — > v = x 

i f 2 max 2 max max max 1 


k , x 
— = (0.175m) ^ 
m 


542.9 N/m 
' 0.160 kg 


10.2 m/s 


32. The energy of the oscillator will be conserved after the collision. 

E - \kA 2 - \(m + M)v 2 — » v = Ajk/(m + M ) 

This speed is the speed that the block and bullet have immediately after the collision. Linear 
momentum in one dimension will have been conserved during the (assumed short time) collision, 
and so the initial speed of the bullet can be found. 

Pur = P — » mv =(m + M)v 

x before after o \ / max 

0.2525 kg 


m + M 

v o = A 

m ' 


k 


m + M 0.0125 kg 


(0.124m), 


2250N/m 
’ 0.2525 kg 


236 m/s 
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33. To compare the total energies, we can compare the maximum potential energies. Since the 
frequencies and the masses are the same, the spring constants are the same. 


E 

-L kA 2 

A 2 

A 


high 

2 ^ high 

high 

high 


energy 

energy 

_ energy _ ^ ^ 

energy 

= V5 

^low 

\kA 2 

l low 

A 2 

low 

A 

low 


energy 

energy 

energy 

energy 



34. (a) The spring constant can be found from the mass and the frequency of oscillation. 

[k 

(o=A—= 2 nf 
V m 


k = An 2 f 2 m = An 1 (3.0 Hz)" (0.24 kg) = 85.27 N/m - 85N/m 


(b) The energy can be found from the maximum potential energy. 

E = \kA 2 = -j(85.27N/m)(0.045m) 2 = 8.634xlO~ 2 J ~ 0.086 J 


35. (a) 


(b) 


The work done in compressing the spring is stored as potential energy. The compressed 
location corresponds to the maximum potential energy and the amplitude of the ensuing motion. 


W - \ kA 2 



2 (3.6 j) 
(0.13m) 2 


426 N/m » 


430 N/m 


The maximum acceleration occurs at the compressed location, where the spring is exerting the 
maximum force. If the compression distance is positive, then the acceleration is negative. 


F = -kx = ma 



(426 N/m) (0. 13 m) 
15 m/s 2 


3.7 kg 


36. (a) 


(b) 


The total energy of an object in SHM is constant. When the position is at the amplitude, the 
speed is zero. Use that relationship to find the amplitude. 

E = jtnv 2 + -kkx 2 = }kA 2 — » 

tot 2 2 2 


i m 2 2 

A = . — v + x = 

u 


2.7 kg 
'280N/m 


(0.55m/s) 2 + (0.020 m) 2 = 5.759x10 2 m » 


5.8x10 2 m 


Again use conservation of energy. The energy is all kinetic energy when the object has its 
maximum velocity. 


E. . = \mv 2 + \kx 2 = jkA 2 = \mv 2 

tot 2 2 2 2 max 


v 


max 


= A 



280 N/m 
2.7 kg 


0.5865 m/s ~ 0.59 m/s 


37 


We assume that the collision of the bullet and block is so quick that there is no significant motion of 
the large mass or spring during the collision. Linear momentum is conserved in this collision. The 
speed that the combination has right after the collision is the maximum speed of the oscillating 
system. Then, the kinetic energy that the combination has right after the collision is stored in the 
spring when it is fully compressed, at the amplitude of its motion. 


' before P after 


mv 0 = (m + M ) v rr 


m 


v = ■ 


\{m + M)v 2 ^=\kA 2 -» \{m + M) 


m 


m + M 


m + M 

\ 1 


*0 


= \kA 2 


J 
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v 0 = — yjk(m + M) = 


( 9.460 xl(T 2 m) 
(7.870 xl0“ 3 kg) 


(142.7 N/m) (7.870 x 10~ 3 kg + 4.648 kg) 


309.8 m/s 


38. The hint says to integrate Eq. 14-1 la, which comes from the conservation of energy. Let the initial 
position of the oscillator be x 0 . 


v = ±.-(A 2 -x 2 )= — 
V m v dt 


dx 


-cos 



X 

1 X 

'^L- + 


= -cos~ 

— + COS 

[a) 


A 

A t 


U-y) 

k 

—l 
m 


k , 

■ = ±. — dt 


dx 


m 


(A‘-C) 


= ±.l- 

m 


\dt 


k x 

Make these definitions: , — = a ) ; cos -1 — = </>. Then we have the following. 


m 


x 

A 


k 


-cos ' — + COS 1 — = ±,l—t 


A 


-cos — + 0= ±cot 
A 


x = Acos(±a>t + 0) 


A v tn 

The phase angle definition could be changed so that the function is a sine instead of a cosine. And 
the ± sign can be resolved if the initial velocity is known. 

39. ( a ) Find the period and frequency from the mass and the spring constant. 

„ _ [m _ 0.785kg 

T = 2n,\—=2n - = 0.4104s = 

\k V 184 N/m 


0.410s 


/- i > 


2.44 Hz 


T 2n V m 2n \ 0.785kg 
( b ) The initial speed is the maximum speed, and that can be used to find the amplitude. 
Tnax = Ayjicjtn -> 

A = = (2.26 m/s) ^/0.785kg/(l84N/m) = 0.1476m = 


0.148 m 


(c) The maximum acceleration can be found from the mass, spring constant, and amplitude 


=Ak/m = (0.1476 m) (184 N/m) /( 0.785 kg) = 34.6m/s 


(d) Because the mass started at the equilibrium position of x = 0, the position function will be 
proportional to the sine function. 

x = (0.148m)sin[2^-(2.437Hz)t] - 


x = (0.148m)sin(4.87^'t) 


( e ) The maximum energy is the kinetic energy that the object has when at the equilibrium position. 
E = f_mv 2 mx = -((0.785kg) (2.26 m/s) 2 = |2.00J 


(/) Use the conservation of mechanical energy for the oscillator. 

E = \kx +\mv =\kA 2 U(0.40H) 2 +r = ^/h4 2 -» 

K = \kA 2 (l - 0.40 2 ) = (2.00 j) (0.84) = |l.68J 
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40. We solve this using conservation of energy, equating the energy at the compressed point with the 
energy as the ball leaves the launcher. Take the 0 location for gravitational potential energy to be at 
the level where the ball is on the compressed spring. The 0 location for elastic potential energy is the 
uncompressed position of the spring. Initially, the ball has only elastic potential energy. At the point 
where the spring is uncompressed and the ball just leaves the spring, there will be gravitational 
potential energy, translational kinetic energy, and rotational kinetic energy. The ball is rolling 
without slipping. 

.^2 

E t = E { — » \kx - mgh + ^mv~ + j- 1 of - mgxsinO + \mv" +\(j)mr~ — — > 

r 


k = 2 1 -^-{ y gxsmd + ^v 1 ) = 2 


0.025 kg 


(0.060 m)' L 


(9.80m/s 2 )(0.060m)sinl5° + ^(3.0m/s) 2 


= 89.61N/m= 90N/m (2 sig. fig.) 


41 . The period of a pendulum is given by T = 2n ^L/ g . The length is assumed to be the same for the 
pendulum both on Mars and on Earth. 

^Mars _ 2ft -si L/ g MaKi 


T = 2ft^Lfg 


— > 


2ft^Lj 


Sr 


gg 

'g> 




T =T 

Mars Earth a 


Sr 


g^ 


= (1.35s), 


0.37 


2.2 s 


50 s 

42. (a) The period is given by T = 

32 cycles 


1.6s 


32 cycles 

(. b ) The frequency is given by / = 

SOc 


K3 


We consider this a simple pendulum. Since the motion starts at the amplitude position at t = 0, we 
may describe it by a cosine function with no phase angle, 6 = O my coscot . The angular velocity can 


be written as a function of the length, 6 = 6 

7 max 


cos 



(a) 6{t = 0.35s) 
(. b ) 6{t = 3.45s) 
(c) 6(t = 6.00s) 


9.80 m/s 2 
\ 0.30m 


13° cos 


13° cos 


1 9.80 m/s 2 
V 0.30m 

9.80 m/s 2 
]j 0.30m 


A 

(0.35s) 

J 

(3.45s) 

) 

\ 

(6.00s) 

/ 


-5.4° 
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44. The period of a pendulum is given by T = 2 n^L/g 
(a) T = In^Lfg = In 


0.53 m 


1.5s 


;9.80m/s 

(. b ) If the pendulum is in free fall, there is no tension in the string supporting the pendulum bob, and 
so no restoring force to cause oscillations. Thus there will be no period - the pendulum will not 
oscillate and so no period can be defined. 

45. If we consider the pendulum as starting from its maximum displacement, then the equation of motion 

2 nt 

can be written as 9 = 9 0 cos cot = 9 0 cos . Solve for the time for the position to decrease to half the 


amplitude. 


= t 0= 9 n cos 2ntlil 


— > 


2,nt\,, f _j . n 

- = cos | = T t ]l2 




T T 3 

It takes \T for the position to change from +10° to +5° . It takes \T for the position to change from 

+10° to 0. Thus it takes -\T = - l -T for the position to change from +5° to 0. Due to the 

symmetric nature of the cosine function, it will also take -jy T for the position to change from 0 to 
-5° , and so from +5° to -5° takes \T. The second half of the cycle will be identical to the first, 


and so the total time spent between +5° and -5° is j T. So the pendulum spends |one-third| of its 
time between +5° and -5°. 


46. There are (24h) (60min/h) (60s/min) = 86,400s in a day. The clock should make one cycle in 

exactly two seconds (a “tick” and a “tock”), and so the clock should make 43,200 cycles per day. 
After one day, the clock in question is 26 seconds slow, which means that it has made 1 3 less cycles 
than required for precise timekeeping. Thus the clock is only making 43,187 cycles in a day. 

43,187 

Accordingly, the period of the clock must be decreased by a factor of 


43,187 

T — T . 

43,200 

( 43, 1 87 ^ 
43,200 


/ = 


<* = 


Is = 

f 43, 1 87 ^ 


f 43, 1 87 ^ 




43,200 


43,200, 
(0.9930m) = 0.9924m 


Thus the pendulum should be [shortened by 0.6 mm|. 


47. Use energy conservation to relate the potential energy at the 
maximum height of the pendulum to the kinetic energy at the 
lowest point of the swing. Take the lowest point to be the zero 
location for gravitational potential energy. See the diagram. 


E=E W 


“'top ^ bottom 

0 + mgh - (my 


-» K +U, 

top t 


top 


~-K, 


"bottom ^bottom ^ 


— > =. 


^[ 2 gh= - cos 0) 


43,200 
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48. (a) For a physical pendulum with the small angle approximation, we may apply Eq. 14- 
14. We need the moment of inertia and the distance from the suspension point to the 
center of mass. We approximate the cord as a rod, and find the center of mass 
relative to the stationary end of the cord. 

' = m)f 

M£ + m (y/) 


h =*cu=- 


M + m 


' M + y«2^ 
v M + m j 


T = 2n 


1 m tot *S h 


= 2 n 


(iff + yWl) £~ 




M + \m 


2 '/ 
v M +171 


2 n 


(M + yWl) / 


( M + \m)g 



( b ) If we use the expression for a simple pendulum we would have 77, = 2 Find the 

fractional error. 


T-T 


error = 


simple 


(M + \m) £ / 

2 n — 2 n. - 


V ( M + 2 m )s 


(M + \in) 


]J ( M + y m) 


-1 


2 n 


(M +jm ) / 


(M + jmj 


V 


(M + jin') 


( M + jm ) 


( M+\in)g y(M + jm ) 

Note that this is negative, indicating that the simple pendulum approximation is too large. 


|49.| The balance wheel of the watch is a torsion pendulum, described by T = -K6 . A specific torque and 
angular displacement are given, and so the torsional constant can be determined. The angular 

frequency is given by co= ^K/l . Use these relationships to find the mass. 


t = -K0 -+ K = 



K 


1.1x10 m-N 
nj 4 rad 

— > 

1.1 xlO~ 5 m«N 
nl 4 rad 


m — 


An-fr 1 4 ft 2 (3.10Hz) 2 (0.95xl0 _2 m) 


= 4.1x10 kg = 0.41 g 


50. (a) Wc call the upper mass M and the lower mass m. Both masses have length 
l. The period of the physical pendulum is given by Eq. 14-14. Note that we 
must find both the moment of inertia of the system about the uppermost 
point, and the center of mass of the system. The parallel axis theorem is 
used to find the moment of inertia. 

, 1 ___ / j 2 , _ / i /?\ 2 1 1 , , , 7 \ t ! 2 


/ = / +/. 

upper lower 


h = X CM = 


= {M/‘ +-jy m£~ +m{ |/) =({M + |m)/ 2 
M (y/) + w(|/) fAM + ^rn^ 


M + m 


2 ' 2 ' 
M + m 


£ 


T = 2?i 


I W ,„ta, S k 


= 2 71 


(yM + y/77)/ 2 


(M + m)g 


f yM + yff?^ 

M + m 


= 2ji 


£ 


( }M + jm)£ 
l(jM+jm)g 
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= 2 71 


[|(7.0kg) + i(4.0kg)](0.55m) 
[i(7.0kg) + |(4.0kg)](9.80m/s 2 ) 


= 1.6495 s : 


1.6s 


(. b ) It took 7.2 seconds for 5 swings, which gives a period of 1.4 seconds. That 
is reasonable qualitative agreement. 


51. (a) In the text, we are given that r = -K0. Newton’s second law for rotation, 

d^d 

Eq. 10-14, says that Vr -la- I . We assume that the torque applied by the twisting of 

dt 


the wire is the only torque. 


,d 2 0 


d 2 0 


K 


Z u U U U TV -> 

T = Ia = I — - = -K0 — > — - = 6 = -co 6 

dr dr I 

This is the same form as Eq. 14-3, which is the differential equation for simple harmonic 
oscillation. We exchange variables with Eq. 14-4, and write the equation for the angular 
motion. 


x = A cos ( cot + 0) 


6 = d u cos (cot + (/)), of = — 


(. b ) The period of the motion is found from the angular velocity co. 


2 K 
co 

/ 


K 2n 
co — . — = — 
Ml T 


T = 2n. 


52. The meter stick used as a pendulum is a physical pendulum. The period is given by Eq. 14-14, 


T = 2n. 


’ mgh 


. Use the parallel axis theorem to find the moment of inertia about the pin. Express 


the distances from the center of mass. 


/ = I CM + mh- -jytnf + mh~ 


i I I T m£ 2 + m/r 

T = 2 n. = In. 12 


mgh 


mgh 


2 n 


£ 2 

h 


dT / , \ 

* =2 * ( *> 


/ 2 

-T + / ' 

h 


\ 


f 


f 




-17TT + 1 
J \ h J 


■ 0 -» h = y/±£ = 0.2887 


m 


x = \£ -h = 0.500 - 0.2887 ^ 


0.211m 


from the end 


Use the distance for h to calculate the period. 

f ^ v /2 - f 


T = 


2 n 


if +* 

V h J 


2 n 




m/s 2 


V 


j ( 1.00 m) 

" 0.2887 m 




+ 0.2887 m 


1.53s 


J 


53. This is a torsion pendulum. The angular frequency is given in the text as co = yjK/l , where K is the 
torsion constant (a property of the wire, and so a constant in this problem). The rotational inertia of a 
rod about its center is - '-Mf 2 . 

[K 2n „ „ [7 

co — . / — — — — ^ T — 2 n . / — — ^ 

V / T Mk 
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T = (0.58566) T 0 = (0.58566) (5.0s) = [Z9s 

54. The torsional constant is related to the period through the relationship given in problem 5 1 . The 
rotational inertia of a disk in this configuration is / = \ MR 1 . 

T = 2x.O- -> K = R = 2 n 2 MR 2 f 2 = In 1 (0.375kg) (0.0625 m) 2 (0.331 Hz) 2 

V -A T T 

= 3.17xl0~ 3 m*N/rad 


55. This is a physical pendulum. Use the parallel axis theorem to find the 
moment of inertia about the pin at point A, and then use Eq. 14-14 to 
find the period. 

/ . = + Mi 2 = \MR 2 + Mh 2 = M(\R 2 + h 2 ) 

pin CM 2 \ 2 / 



'i(0.200m) 2 + (0.180m) 2 
(9.80m/s 2 )(0.180m) 



56. (a) The period of the motion can be found from Eq. 14-18, giving the angular frequency for the 
damped motion. 


k b 2 (41.0N/m) (0.662 N»s/m) 2 

4m 2 ]l (0.835kg) 4(0.835kg) 2 


= 6.996 rad/s 


2 n 2 n 

T = — = = 0.898s 

CO 6.996 rad/s 

(. b ) If the amplitude at some time is A, then one cycle later, the amplitude will be Ae ' 1 . Use this 
to find the fractional change. 

A e - rT ~A ” T _ (0.662N-s/n 1 ) (o898s) 

fractional change = = e } ' T - 1 = e 2m - 1 = e 2 l°- 835kg) - 1 = -0.300 

A 


And so the amplitude decreases by 30% from the previous amplitude, every cycle. 

(c) Since the object is at the origin at t = 0, we will use a sine function to express the equation of 
motion. 

(0.662N»s/m) , , 

L U i rwicA 


x = Ae rl sin(a)'t) —> 0.120m -Ae 


2(0.835kg) 


i (6.996 rad) 


0.120m 


(0.662N«s/m) , 


e 2(0 835kg ) sin (6.996 rad) 


b (0.662 N*s/m) , 

= 0.273m ; y = — = - ^ = 0.396s _1 

2m 2 (0.835 kg) 
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jc = (0.273 m)e ^ V>< " ^ sin[(7.00rad/s)t] 


57. We assume that initially, the system is critically damped, so Z/ c 2 ritical = 4 ink. Then, after aging, we 
assume that after 3 cycles, the car’s oscillatory amplitude has dropped to 5% of its original 


amplitude. That is expressed by A = A^e 

bt 

A = A () e 2m -» 0.05 A 0 =Ae 
ln(0.05) = - 3 ^ 1 


bt 

2m 


b(3T) b 3 

= Ae 2mf 


3 b 


2 n 


ln(0.05) = ~~~~ 
2m / 

6 nb 


2m i 


k b 2 2/w 

^critical ^ 

A 2 A, 

A 2 a — 2 


- 1/2 


^critical 


1 + - 


36^ 


[ln(0.05)J 


0.16 


And so b has decreased to about 1 6% of its original value, or [decreased by a factor of 6\ . If we used 
2% instead of 5%, we would have found that b decreased to about 20% of its original value. And if 
we used 10% instead of 5%, we would have found that b decreased to about 6% of its original value. 


58. (a) Since the angular displacement is given as 0 = Ae r ‘ cos {cot ) , we see that the displacement at t 
= 0 is the initial amplitude, so A = 15°. We evaluate the amplitude 8.0 seconds later. 

-1 . ( 5 . 5 ^ 


5.5° = 15°e“ K8 - 0s) 


-» Y = 


8.0s 


-In 


V 15 y 


= 0. 1254s' 


0.13s 1 


(. b ) The approximate period can be found from the damped angular frequency. The undamped 
angular frequency is also needed for the calculation. 


ox = , 


fmgh _ mg {\£ ) 

/ V \m£ 2 


/ / 2 2 

v=^v 0 -r =. 


-- 

' 2 / 


y = 


3(9.80m/s ) , 

\ 2(0.85 m) 1 ’ 


= 4. 157 rad/s 


, 2 n 

CO 


2n rad 
4. 157 rad/s 


1.5s 


(c) We solve the equation of motion for the time when the amplitude is half the original amplitude. 

In 2 In 2 


7.5° = I5°e~ r ' 


n/2 


Y 


0.1254s 1 


5.5s 


59. (a) The energy of the oscillator is all potential energy when the cosine (or sine) factor is 1, and so 




kA " = \kA n e The oscillator is losing 6.0% of its energy per cycle. Use this to find the 

actual frequency, and then compare to the natural frequency. 

b(t+T) f bt X bT 

^kA^e m -x e m =0.94 


E(t + T) = 0.94E(t) -x ±k4e m =0.94 
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— = ln(0.94) = -- ^ln(0.94) 

2m 2 T 4 n 


1 


£zA = M 

/o 




3 . 
2 n 


b 2 

L b 2 | : [ln(0.94)] 2 : t , [ln(0.94)] 2 : 


477? 2 ft^ 


l&r 


16ff“ 


O i • 


16 T 


= -1.2x10 -» % diff = 


^ /-/o A 

v /o y 


100 = 


(—1.2x1 0 -3 ) % 


(/;) The amplitude’s decrease in time is given by A = A a e 2m . Find the decrease at a time of nT, and 


solve for n. The value of — was found in part (a). 

2m 


A = \e 


bt 

2m 


' e -1 = Ae 2m 


\ = —nT = — — ln(0.94)«r 
2m 2 T 


n = - 


In (0.94) 


= 32.32 * 


32 periods 


60. The amplitude of a damped oscillator decreases according to A = A 0 e r ' = A 0 e 2m . The data can be 
used to find the damping constant. 


A = A e 


bt 

2m 


6 = ^ln 
t 


4 V 2(0,075 kg) 
\ A J (3.5s) 


In 


f 5.0^ 


v2.0y 


0.039 kg/s 


61. (a) For the “lightly damped” harmonic oscillator, we have b~ <s 4mk 


« - 


k 


Am " m 

We also assume that the object starts to move from maximum displacement, and so 

bt bt bt bt 

x = A 0 e 2m cos tot and v = — = A^e 2m cos tot - cd \e 2m sin tot ~ -co^e 2m smcdt. 

dt 2m 


CO ~Q) 0 . 


E = \kx z + {mv 2 = jkA^e cos 2 (dt + \mco 2 A^e sin 2 cot 


= \kA^e cos 2 cdt + \kA^e m sin 2 (dt = \kA^e = 


2 r.U - i 


E 0 e 


(. b ) The fractional loss of energy during one period is as follows. Note that we use the 

. . , b 2n bT „ bT , 

approximation that — <s: co 0 = — — > — «c An — > — <tc 1 . 

2 m T m m 


bt b(t+T) 

A E = E(t) -E(t + T) = E 0 e m -E 0 e =E 0 e 

bT \ 


bt C bT\ 

l-e m 

V ) 


AE 

E 


E 0 e 


bt C 

m l-e m 
V J 


E 0 e 


= l-e 


l- 


| bT\_bT _ b2n 


m 


m mco„ 


2 n 
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62. (a) From problem 25 (b), we can calculate the frequency of the undamped motion. 



5.43 Hz 


( b ) Eq. 14-16 says x - Ae n coscot, which says the amplitude follows the relationship x inax = Ae yt . 
Use the fact that x irax -\A after 55 periods have elapsed, and assume that the damping is light 
enough that the damped frequency is the same as the natural frequency. 

-In 2 = 0.06843 s* 


, y<55T) In 2 f 5.43 Hz , 

_J_ v ■’ i ~ ^ ^ r\ f\rc a o 


-> y = 


■ = — ln 2 = - 


55 T 55 


(c) Again use x = Ae~ 


x — Ae 7 — > I A - Ae 7 — > t = — - ■ 


55 

ln4 In 4 


0.0684 s* 


20.3 s 


Y 0.06843s* 1 

This is the time for 110 oscillations, since 55 oscillations corresponds to a “half-life.” 
63. (a) Eq. 14-24 is used to calculate 0 Q . 

2 2 


2 2 2 2 

_i Ol - (O . - , _! Ol - CO, 

(j) 0 = tan — — - — - — > if co = CO, $ » = tan 


co[b/m) co(b/m) 

( b ) With co = co 0 , we have F ext = F 0 cos co 0 t and x = A 0 sin co 0 t. The displacement and the driving 


force are one-quarter cycle (y^rrad or 90°) out of phase with each other. The displacement is 0 


when the driving force is a maximum, and the displacement is a maximum (+A or -A) when the| 


[driving force is 0 . 


(c) As mentioned above, the phase difference is [90 


64. Eq. 14-23 gives the amplitude A 0 as a function of driving frequency co . To find the frequency for 

dA n 

maximum amplitude, we set = 0 and solve for co. 

dco 


F„ 


F n 


niyj^co 2 - cOg'j + b 2 co 2 / m 


2 m 


[to" - col ) + cot / nf 


dA^ F 0 / t ■ 


dco m 


(-4) [co 2 - 0)1 j +b~co~lnF 2[of - co^2co+ 2b~co/ m 2 =0 


= 0 -> 


7 ? 2 [of - of () 'j2oj + 2b 2 cof m 2 


m 


[or - co 2 0 ) + b 


2,2/ 2 

CO m 


0 — » 2 [co 1 - col )2co+ 2b~co/m 2 = 0 


= 0 -> 


2 2 u 


— > 


2/77* 


CO = J 

1 2 b 2 

COf. 7 

V 

2/77* 
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65. We approximate that each spring of the car will effectively support one-fourth of the mass. The 

rotation of the improperly-balanced car tire will force the spring into oscillation. The shaking will be 
most prevalent at resonance, where the frequency of the tire matches the frequency of the spring. At 

v 

resonance, the angular velocity of the car tire, co = —, will be the same as the angular frequency of 

r 


the spring system, co = 



v 

co = — 


r 



(0.42 m) 


j l 6,000 N/m 
\ 1(1 150 kg) 


3.1 m/s 


66. First, we put Eq. 14-23 into a form that explicitly shows A 0 as a function of Q and has the ratio 
oj/ co (j . 



For a value of Q = 6.0, the following graph is obtained. 


The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH14.XLS,” on 
tab “Problem 14.66.” 



67.| Apply the resonance condition, a>= a> 0 , to Eq. 14-23, along with the given condition of 


F 

= 23.7 — . Note that for this condition to be true, the value of 23.7 must have units of s 2 . 
m 


F n 


In \j ( 0j2 -of t) ) 


— » 


+ b 2 co 2 m 2 
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F n 


F„ 


F ° - F ° = Q— = 23.7— -» Q = |23.7 


m-yJb 2 COo / tti 2 m—^ m ^ ^ 


m 

tn max 


, , dx~ dx 

68. We are to show that x = A 0 sin(cot + </> 0 ) is a solution of 777 — 7 + b — + kx = F 0 cos by direct 

<// ill 


substitution. 


dx , , d 2 x 2 


x ~ A 0 sin [cot + <fi 0 ) ; — = coA 0 cos (cat + </> 0 ) ; — — = -of A 0 sin ( out + <f > 0 ) 
dt df 

dx 2 , dx 

m Y b 1 - kx = F n cos cot — » 

t/t 2 * 

m \^-ar A 0 sin (cot + 0 O ) J + b [ a>A 0 cos (cot + cj) 0 )\ + k[A 0 sin [cot + 0 O )] = F 0 cos cot 
Expand the trig functions. 

( kA 0 - mco 2 A 0 ) [sin cot cos cj) a + cos cot sin cj) a ] + bcoA 0 [cos cot cos 0 O - sin cot sin <p (f ] = F () cos cot 
Group by function of time. 

| ~(kA 0 - mco 2 A^ cos t/> 0 - ba)A 0 sin^ 0 Jsintyt + [(fc4 0 - 77tty 2 ^4 0 ) sin + bcoA 0 cos </> 0 J cos cot 

= F 0 cos cot 

The equation has to be valid for all times, which means that the coefficients of the functions of time 
must be the same on both sides of the equation. Since there is no sin cot on the right side of the 
equation, the coefficient of sin cot must be 0. 

( kA 0 - mco 2 A 0 ) cos 0 O - bcoA 0 sin </> 0 = 0 —> 


• 2 2 , 2 2 2 2 , 

sin0 o kA 0 -mco~A 0 k - mco" mco 0 -mco co 0 - co 


bco 


bco 


coblm 


cos cp Q bcoA 0 

Thus we see that Eq. 14-24 is necessary for x = \ sin (ft# + 1 
the solution. This can be illustrated with the diagram shown 

Equate the coefficients of cos cot. 

( kA 0 - mco 2 \ ) sin cj) Q + bcoA 0 cos <p () = F (j — > 


= tan cj) 


= tan 


2 2 

A co 0 - CO 


coblm 



» 1 

(col -co 2 ) 

1 

/ 

\ 

1 

(4 

1 

+ 

co 2 b 2 

2 


+ bco- 


cob 

772 


(col -CO 2 ) 


2 Ofb 2 
+ — — 


777 


= F n 


A 0 m 


(co] -Of) 


orb 2 


m 


\2 co 2 b 2 


(col-co 2 )+— r y( col -CO 2 ) 


2 co 2 b~ 

+ — — 


77? 


= F n 


A - 

4 

m 

[j 

1 

a s 
+ 

"a 

1 

2 


Thus we see that Eq. 14-23 is also necessary for x = A 0 sin (cot + 1/> 0 ) to be the solution. 
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69. (a) For the damped oscillator, the amplitude decays according to A = A (j e 2m . We are also given the 


mco ri 


Q value, and Q = -. We use these relationships to find the time for the amplitude to 


decrease to one-third of its original value. 


0 = 


max, 


co n 


V2Z . 


m 


A = A> e 


h ‘m 

2m 


2(350) 


2m 2Q 2Q 

t = — ln3 = — ln3 = ln3 - — j= 

b sjg/ £ ^)(9.80 m/s 2 )/(0.50 m) 


ln3 = 173.7s ; 


170s 


( b ) The energy is all potential energy when the displacement is at its maximum value, which is the 
amplitude. We assume that the actual angular frequency is very nearly the same as the natural 
angular frequency. 


E = jkA 2 = jdfm 


dE_ 

dt 


bt \ 


A 0 e 


mg 


dE 


b mg 


— A~C m * — A,, € 

2/^ ’ dt m2£ A) 


\lg/£ mg _mA^ 


i 3/2 (0.27kg) (0.020m) 2 

f 9 . 80 m/s 2 'l 

3/2 

= 1.3x10~ 5 W 

,=o 0 2/ " 2Q 1 

l/J 

1 ~ 2(350) 

v 0.50m j 


(c) Use Eq. 14-26 to find the frequency spread. 

^__q A2 ^/ _ A / _ 1 

ax 


2^/ 0 /„ 0 

f co Js/£ J(9.80m/s 2 )/(0.50m) 

Af = IsL = J^ = VI0L = VV f = 2.0xl0“ 3 Hz 

Q 2nQ 2nQ 2^(350) 

Since this is the total spread about the resonance frequency, the driving frequency must be 


within 


1.0x10 Hz 


on either side of the resonance frequency. 


70. Consider the conservation of energy for the person. Call the unstretched position of the fire net the 
zero location for both elastic potential energy and gravitational potential energy. The amount of 
stretch of the fire net is given by x, measured positively in the downward direction. The vertical 
displacement for gravitational potential energy is given by the variable y, measured positively for the 
upward direction. Calculate the spring constant by conserving energy between the window height 
and the lowest location of the person. The person has no kinetic energy at either location. 

E to P = ^bottom ™g>\ op = ^gy bottom +f ^bottom 


(a) 


(b) 


k = 2 mg 


( ~y top y bottom ) 


2 (62 kg) (9.80 m/s 2 ) 


[20.0m- (-1.1m)] 
(Urn) 2 


2.119X10 4 N/m 


If the person were to lie on the fire net, they would stretch the net an amount such that the 
upward force of the net would be equal to their weight. 


0 xl = kx = m g 


mg 

k 


(62kg)(9.80m/s 2 ) 
2.1198X10 4 N/m 


2.9xl0"m 


To find the amount of stretch given a starting height of 38 m, again use conservation of energy. 
Note that y h()lloni = -x , and there is no kinetic energy at the top or bottom positions. 
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^top ^bottom mgy** = ^bottom +i fe2 


^ 2 r, mg mg 

— > x - 2 x - 2 y, = U 

k k ,op 


, (62 kg) (9.80 m/s 2 ) (62 kg)(9.80m/s ! ) 

x -2 : ; — -x-2 : ; — -(38 m) = 0 


— > 


2.1198x10 N/m 


2.1 198 x 10 N/m 


x - 0.057326x - 2.1784 = 0 -> x = 1.5049 m , -1.4476 m 
This is a quadratic equation. The solution is the positive root, since the net must be below the 
unstretched position. The result is 


1.5 m 


71. Apply the conservation of mechanical energy to the car, calling condition # 1 to be before the 

collision and condition # 2 to be after the collision. Assume that all of the kinetic energy of the car is 
converted to potential energy stored in the bumper. We know that x, = 0 and v 2 = 0 . 


E x -E 2 — » \mv~ + \kx~ = \mv 2 + \kx 2 — » \m\\=fkx 2 — » 


*2 = = 


1300 kg 


1 430x10 N/m 


(2.0m/s) = 


0.11m 


72. (a) The frequency can be found from the length of the 
pendulum, and the acceleration due to gravity. 


/ = — = — 
2n V / 2 


9.80 m/s" 
0.63 m 


= 0.6277 Hz ; 


0.63 Hz 


(. b ) To find the speed at the lowest point, use the conservation of 
energy relating the lowest point to the release point of the 
pendulum. Take the lowest point to be the zero level of 
gravitational potential energy. 


E = E 

top bottom 


KE, +PE, =KE hH + PE. „ 

top top bottom bottom 


0 + mg (L - L cos 0) = \ mv 2 bouom + 0 



F — -L W7V 
^ total 2 1 V bottom 


yj2gL ( 1 - cos 9) = yj 2 (9.80m/s 2 j (0.63 m) (l - cos 15°) = 0.6487 m/s ~ 0.65 m/s 
be found from the kinetic ene 
= /-(0.295kg) (0.6487 m/s) 2 = 


(c) The total energy can be found from the kinetic energy at the bottom of the motion. 

\ 2 


6.2x10“ 2 J 


73] The frequency of a simple pendulum is given by / = — The pendulum is accelerating 

2 n\L 

vertically which is equivalent to increasing (or decreasing) the acceleration due to gravity by the 
acceleration of the pendulum. 




(b) f = 

v / J new 


J_ g + a 

2n\ L 


JL 0 Ag 

2 n 


= V05 —J- = Vo 5 f = |0.71/ 
L 2 n\L 


74. The equation of motion is x = 0.25sin5.50t = Asincot . 
(a) The amplitude is A = x = 0.25 m 
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, \ , 5.50s' 1 

(b) The frequency is found by CO — Inf — 5.50s — > / = 

2n 

2 n 


0.875 Hz 



1.14s 



( c ) The period is the reciprocal of the frequency. T = 1/ / = 

5.50s 

(fr) The total energy is given by 

£ to ta, = >M 2 =K0.650kg)[(5.50s' 1 )(0.25m)] 2 =0.6145J 

( e ) The potential energy is given by 

£ otciuial = j kx 2 = \meo 2 x 2 =^(0.650kg) (5.50s' 1 ) 2 (0.15m) 2 =0.2212 J* 
The kinetic energy is given by 

= 0.6145 J - 0.2212 J = 0.3933 J 


0.61 J 


0.22 J 


E = E - E 

kinetic total potential 


0.39 J 


75. (a) The car on the end of the cable produces tension in the cable, and stretches the cable according 

1 F 

to Equation (12-4), A/ = £ o , where E is Young’s modulus. Rearrange this equation to 

E A 

EA 

see that the tension force is proportional to the amount of stretch, F = A/ , and so the 

o 

EA 

effective spring constant is k = — . The period of the bouncing can be found from the spring 


constant and the mass on the end of the cable. 


\m \m£ 

T = 2n A I— = 2 n. — - = 2 n 
k V EA 


(1350kg) (20.0m) 


= 0.407 s 


0.41s 


y (200xl0 9 N/m 2 )^(3.2xl0' 3 m) 

(b) The cable will stretch some due to the load of the car, and then the amplitude of the bouncing 
will make it stretch even farther. The total stretch is to be used in finding the maximum 
amplitude. The tensile strength is found in Table 12-2. 

F _ k(: 

A 


[ x , w + x ., . ) 

1 static amplitude / 


nr 

2 


= tensile strength (abbrev T.S.) 


— > 


r (T.S>r 2 (T.S >;- 2 mg£ 0 £ 0 

ampli,ude k Enr 2 Enr 2 E 


(T.S.)-^ 

nr 


(20.0m) 


(200 xlO 9 N/ nT ) 


4 


500x10' 


, (1350kg) (9.80m/s 2 )' 

N/ m r — - 

n (0.0032 m) 


9x10 m 


= 9 nun 


76. The spring constant does not change, but the mass does, and so the frequency will change. Use Eq. 
14-7a to relate the spring constant, the mass, and the frequency. 

— - = f 2 m = constant — » / 0 2 «i 0 = / s 2 m s — > 


/ = — ~ 

2 n v m 4 n 1 


fs=foJ— = (3.7xl0 13 Hz), 

11 772 


16.0 

32.0 


2.6x10 Hz 
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I T 2 g 

77. The period of a pendulum is given by T = 2 ndf/g , and so the length is / = — 7 . 

4 ir 


(«) Austin = 


T 2 g A 


(2.000 s) 2 (9.793 m/s 2 ) 


4 tT 


(*>) 4*.= 


Ag Pa 

4^ 2 


4 TV 

(2.000 s) 2 (9.809m/s 2 ) 
4n 2 


= 0.992238m = 


0.9922 m 


= 0.993859 m « 0.9939 m 


Aans - Austin = 0.993859 m- 0.992238 m = 0.001621 m « |1.6 mm 


( C ) Afcon 


T 2 g, 


(2.00 s) 2 (l.62m/s 2 ) 


47T 


4 TT 


0.164 m 


78. The force of the man’s weight causes the raft to sink, and that causes the water to put a larger upward 
force on the raft. This extra buoyant force is a restoring force, because it is in the opposite direction 
of the force put on the raft by the man. This is analogous to pulling down on a mass-spring system 
that is in equilibrium, by applying an extra force. Then when the man steps off, the restoring force 
pushes upward on the raft, and thus the raft-water system acts like a spring, with a spring constant 
found as follows. 


F 


(75kg)(9.80m/s 2 ) 


= 2.1 x 10 4 N/ 


m 


1.3 Hz 


x 3.5 x 10 m 

(a) The frequency of vibration is determined by the “spring constant” and the mass of the raft. 

1 [k 1 /2.1 xlO 4 N/m 

/ = — J —= — J ~ = 1.289 Hz = 

" 2n V m 2n 320 kg 

( b ) As explained in the text, for a vertical spring the gravitational potential energy can be ignored if 
the displacement is measured from the oscillator’s equilibrium position. The total energy is 
thus 


= fkA 2 = y(2.1xl0 4 N/m)(3.5xl0~ 2 m) 2 = 12.86J 


13J 


|79.| The relationship between the velocity and the position of a SHO is given by Eq. 14-1 lb. Set that 
expression equal to half the maximum speed, and solve for the displacement. 

sj\-x 2 ! A 2 — 2 * knax ±^-x 2 /a 2 -» 1 -x 2 /a 2 =\ -» x 2 /a 2 = 


V = ±v 




X = 


= + sTa/2 ~ ±0.866 A 


80. For the pebble to lose contact with the board means that there is no normal force of the board on the 
pebble. If there is no normal force on the pebble, then the only force on the pebble is the force of 
gravity, and the acceleration of the pebble will be g downward, the acceleration due to gravity. This 
is the maximum downward acceleration that the pebble can have. Thus if the board’s downward 
acceleration exceeds g, then the pebble will lose contact. The maximum acceleration and the 
amplitude are related by a rmx = 4 n 2 f 2 A . 


a n^= 4 Tf 2 A<g 


A< 


g 


< 


9.80 m/s" 


< 


47Tt 4 n 2 (2.5 Hz)' 


4.0xl0~"m 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

468 











Chapter 14 


Oscillations 


8 1 . Assume the block has a cross-sectional area of A. In the equilibrium position, the net force on the 
block is zero, and so F buoy = mg. When the block is pushed into the water (downward) an additional 

distance Ac, there is an increase in the buoyancy force ( A xini ) equal to the weight of the additional 

water displaced. The weight of the extra water displaced is the density of water times the volume 
displaced. 

^extra = "Ad S = P water^add. S = Avaterg^* = ( Avaterg 4 ) A* 

water water 

This is the net force on the displaced block. Note that if the block is pushed down, the additional 
force is upwards. And if the block were to be displaced upwards by a distance Ax , the buoyancy 
force would actually be less than the weight of the block by the amount A extra , and so there would be 


a net force downwards of magnitude A extra . So in both upward and downward displacement, there is 
a net force of magnitude ( P mta gA) Ax but opposite to the direction of displacement. As a vector, we 
can write the following. 


Fe t =-(^wa,erg 4 ) A X 


This is the equation of simple harmonic motion, with a “spring constant” of \k = p vat gA 


82. ( a ) From conservation of energy, the initial kinetic energy of the car will all be changed into elastic 
potential energy by compressing the spring. 

E l -E 1 — > j mvj 2 + jkxf = \mv\ + \kx\ — > (fliv, = ^_kx\ — > 


k = m\ = (950kg) ( 2 _ 5m ^ 2 = 2.375 x 10 4 N/m » |2.4xl0 4 N/m 


(5.0m)' 

(. b ) The car will be in contact with the spring for half a period, as it moves from the equilibrium 
location to maximum displacement and back to equilibrium. 

(950 kg) 

]j 2.375xl0 4 N/m 



0.63 s 


83. (a) The effective spring constant is found from the final displacement caused by the additional mass 
on the table. The weight of the mass will equal the upward force exerted by the compressed 
springs. 

F = F — > mg = kAy — > 

grav springs P 


mg (0.80kg) (9.80 
k — — 


m/s 


) 


Ay 


(0.060 m) 


= 130.67N/m ~ 130N/m 


( b ) We assume the collision takes place in such a short time that the springs do not compress a 
significant amount during the collision. Use momentum conservation to find the speed 
immediately after the collision. 

P before = P after "AAclav = ("Aav + ^table ) After 


m 


clay 


^clay 


= ("flay 

0.80 kg 


(1.65 m/s) - 0.55 m/s 


Klay+ "fable) 2 ’ 40k g 

As discussed in the text, if we measure displacements from the new equilibrium position, we 
may use an energy analysis of the spring motion without including the effects of gravity. The 
total elastic and kinetic energy immediately after the collision will be the maximum elastic 
energy, at the amplitude location. 
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E { =E 2 


+ fkx 2 =fkA~ 


2 total after 2 after 


A — m total 2 2 _ 

\ t after after 


f 2.40 kg A 
v 130.67N/m y 


(0.55m/s) 2 + (0.060m) 2 = 0.096m = 


9.6cm 


84. (a) The graph is shown. The 

spreadsheet used for this problem 
can be found on the Media 
Manager, with filename 
“PSE4_ISM_CH14.XLS,” on tab 
“Problem 14.84a.” 

( b ) Equilibrium occurs at the location 
where the force is 0. Set the force 
equal to 0 and solve for the 
separation distance r. 

, . CD 
F(r 0 ) = -- + - = 0 -> 

r o r o 

CD 3 , 

— — — — y v Dr — ^ 

r r 
o o 



D 

C 


This does match with the graph, which shows F - 0 at r = D/C. 

(c) We find the net force at r = r 0 + A r. Else the binomial expansion. 


F (r 0 + A r) = -C (r 0 + A r) ' + D (r 0 + A r) ‘ = -Cr 0 


-3 o 1 

r aO 

-2 

f Ar) 

II 

1 

J? 

i+ — 

+ Dr 0 ~ 3 


l r o J 

l r o J 


C 

f 

A/C 

D 

f 

Ar^l 

C 


6 

Ar' 3 

D 

f Ar^l 


1 

-2 — 

H 7 

1 

-3 — 


—K 

1 

-2 — 

+ — 

1-3 — 

~ 2 
Y 
'o 

k 

f 0 J 

3 
Y 
' 0 

k 

r o J 

— 3 

Y 
'o 

0 

k 

r o J 

C 

l r o J. 


C C C 

- — [-r 0 + 2Ar + r 0 - 3Ar] = — [-Ar] — » F(r 0 +Ar) = -A r 

TV Y 

0 0 0 

We see that the net force is proportional to the displacement and in the opposite direction to the 

displacement. Thus the motion is simple harmonic. 

( d) Since for simple harmonic motion, the general form is F = -kx, we see that for this situation, 


the spring constant is given by k = 


C 


C 4 


D 


( e ) The period of the motion can be found from Eq. 14-7b. 


m 


ImD 3 

/ — = 

2 71. \ 


v k 


c 4 


|85.| (a) The relationship between the velocity and the position of a SHO is given by Eq. 14-1 lb. 
Set that expression equal to half the maximum speed, and solve for the displacement. 

V = +V II - X~ / xi = — > ± Jl- X~ I xZ = j —> 1-X 2 /xq=j 

max V / 0 2 max V / 0 2 / 0 4 




x 2 / x 2 = j — > x - ± V3x 0 /2 = ±0.866x 0 
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(b) Since F = - kx = ma for an object attached to a spring, the acceleration is proportional to the 
displacement (although in the opposite direction), as a = -xk/m . Thus the acceleration will 

have half its maximum value where the displacement has half its maximum value, at 


+ l x 
— 2 X 0 


86. The effective spring constant is determined by the frequency of vibration and the mass of the 
oscillator. Use Eq. 14-7a. 


, 1 k 

f = Tnt, 


k = An 2 fm = An 2 (2.83 x 10 13 Hz) (l6.00u) 


f 1.66x10 27 kg 3 
lu 


840 N/m (3 sig. fig.) 


87. We quote from the next to last paragraph of Appendix D: “. . . we see that 
at points within a solid sphere, say 100 km below the Earth’s surface, only 
the mass up to that radius contributes to the net force. The outer shells 
beyond the point in question contribute zero net gravitational effect.” So 
when the mass is a distance r from the center of the Earth, there will be a 
force toward the center, opposite to r, due only to the mass within a sphere 
of radius r. We call that mass m r . It is the density of the (assumed 
uniform) Earth, times the volume within a sphere of radius r. 


M Vrl „ M 
m ~ pV = — — F = 

r • r 



K. 


Ea f-f nr =M 


\nR„ 

3 Earth 


Earth ^ 3 

Earth 


F - — 


Gmm 


GmM 


*** Rl GmM , 

Earth Earth 


R 


The force on the object is opposite to and proportional to the displacement, and so will execute 

. The time for the apple to return 
K' 

Earth 

is the period, found from the “spring constant.” 


GmM 

simple harmonic motion, with a “spring constant” of k = , Ear " 1 

R, 


m 


T = 2 n A— = 2 n 
k 


m 


GmM , 


= In. 


Rl 


GM r 


= In. 


Rl 


1 

(6.38x10 s n- 

O' 

(6.67X10 -11 

N*m 2 /kg 2 ) | 

(5.98xl0 24 kg) 


= 507 s or 84.5 min 


(a) The rod is a physical pendulum. Use Eq. 14-14 for the period of a physical pendulum. 
T = 2 n . - 2 n . 


r 7 


mgh 


\mg(\£) 


2 / 

= 2n. = 2n 


3g 


2(l. 00m) 
3(9.80 m/s 2 ) 


1.64 s 


(b) The simple pendulum has a period given by T = 2 n^Jf/g. Use this to find the length. 
T = 2n. 


/ 2/ 

-** = 2^— ^ / simple =f/ = f (1.00m) = 


0.667 m 
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89. Consider energy conservation for the mass over the range of motion from 
“letting go” (the highest point) to the lowest point. The mass falls the 
same distance that the spring is stretched, and has no kinetic energy at 
either endpoint. Call the lowest point the zero of gravitational potential 
energy. The variable “jc” represents the amount that the spring is stretched 
from the equilibrium position. 

£,op = ^bottom -» ~2 mV l v + m S }\ op + 2 ^,op = 2 mV Lorn + ^bottom + 2 ^bottom 

i ,?2V top + m §y t op + = | mV 2 bottom + /^bottom + ^bottom 

0 + mgH + 0 = 0 + 0 + \kH 2 -> — = — = <y 2 -» co=J— 

m H V H 

f = _?L = ±_ S = J_ | 2 ( 9 -8 Qm /s 2 ) _n^n 

2^ 2n\H 2n\ 0.320 m L— 



90. For there to be no slippage, the child must have the same acceleration as the slab. This will only 
happen if the force of static friction is big enough to provide the child with an acceleration at least as 
large as the maximum acceleration of the slab. The maximum force of static friction is given by 
F 6 = jU s F n . Since the motion is horizontal and there are not other vertical forces besides gravity 


and the normal force, we know that F h = mg. Finally, the maximum acceleration of the slab will 

occur at the endpoints, and is given by Eq. 14-9b. The mass to use in Eq. 14-9b is the mass of the 
oscillating system, m + M. 


CL. ^ CL . .. — ^ 

fr elastic 


m m m + M 

430 N/m , . 


m > A-M = —7 ^-irfO.SOm) -35kg = 19.8kg = 20kg (2 sig. fig.) 

fi s g (0.40)(9.80m/s“) v ; 

And so the child must have a minimum mass of 20 kg (about 44 lbs) in order to ride safely. 


We must make several assumptions. Consider a static displacement of the trampoline, by someone 
sitting on the trampoline mat. The upward elastic force of the trampoline must equal the downward 
force of gravity. We estimate that a 75-kg person will depress the trampoline about 25 cm at its 
midpoint. 

7 j 7 p- (75kg)(9.80m/s 2 ) — 

kx-mg — » k- = 2940N/m = 3000N/m 

x 0.25 m 


= 2940 N/m = 


92. We may use Eq. 10-14, = la, as long as the axis of rotation is fixed in an 

inertial frame. We choose the axis to be at the point of support, perpendicular 
to the plane of motion of the pendulum. There are two forces on the 
pendulum bob, but only gravity causes any torque. Note that if the pendulum 
is displaced in the counterclockwise direction (as shown in Fig. 14-46), then 
the torque caused by gravity will be in the clockwise direction, and vice versa. 
See the tree-body diagram in order to write Newton’s second law for rotation, 
with counterclockwise as the positive rotational direction. 

d~Q 

Vr = -mg£ smO = Ia= I — — 

dr 



© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

472 










Chapter 14 


Oscillations 


If the angular displacement is limited to about 15°, then sin# = 0. 

_ m % 

dt 2 ~ 


d 2 e 


mg/ 9 = 1 —— — > — - = 


dt 




m/~ 


This is the equation of simple harmonic motion, with of - g/ £ . Thus we can write the 
displacement of the pendulum as follows, imitating Eq. 14-4. 


9 = 9 cos (cot + tp) 

max \ ' / 



m „ 2 4 n~ 


93. (a) Start with Eq. 14-7b, T = 2 n. — — > T~ = 

V k k 


m. This fits the straight-line equation form of 


y 


= (slope) x + {y - intercept) , if we plot T 2 vs. m. The slope is 4 n 2 jk, and so 


The v-intercept is expected to be [). 


k = 


An 


slope 


(. b ) The graph is included on the next page. The slope is 0.1278s 2 /kg = 0.13s 2 /kg, and the y- 


intercept is 0.1390s 2 


0.14s 2 


The spreadsheet used for this problem can be found on the 


Media Manager, with filename “PSE4_1SM_CH14.XLS,” on tab “Problem 14.93b.” 
(c) Start with the modified Eq. 14-7b. 


^ „ m + m n 

T = In , 2- 




r = 


4 n- 


-m + - 


4n~m n 


k k 

The spring constant is still given 


by k = 


An 2 

slope 


and the y- intercept is 


, , An~m ( 

expected to be 



k = ■ 


An- 


0.1278 s /kg 


= 308.9 N/m« 310N/m 


4^ 2 /77„ . ky n 

L = v 0 = y - intercept — > m 0 = -4- = 


To 


0.1390s 2 


= 1.088kg « 1.1kg 


4^ 2 slope 0.1278s 2 /kg 
(d) The mass m 0 can be interpreted as the effective mass of the spring. The mass of the spring 
does oscillate, but not all of the mass has the same amplitude of oscillation, and so m 0 is likely 
less than the mass of the spring. One straightforward analysis predicts that m 0 = jM spring . 


94. There is a subtle point in the modeling of this problem. It would be easy to assume that the net force 
on the spring is given by F nei = -kx - cv 2 = ma . But then the damping force would always be in the 

negative direction, since cv 2 > 0. So to model a damping force that is in the opposite direction of 
the velocity, we instead must use F nct = -kx - cv Ivl = ma. Then the damping force will be in the 
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opposite direction of the velocity, and have a magnitude of cv \ We find the acceleration as a 
function of velocity, and then use numeric integration with a constant acceleration approximation to 
estimate the speed and position of the oscillator at later times. We take the downward direction to be 
positive, and the starting position to be y = 0. 


, , 

k 

C | | 

v = ma - 

-> a = x - 

— v v 


m 

m 


From Example 14-5, we have x(0) = x 0 = -0.100m and v(0) = v 0 = 0. We calculate the initial 


acceleration, 


k 

m 


c 

m 


and assume that acceleration is constant over the next time 


2 K C \ \ 

interval. Then x, = x 0 + v 0 A t + \a 0 (At)" , v, = v 0 + a 0 At, and a, = x, Vj |vj. This continues 

m m 

for each successive interval. We apply this method first for a time interval of 0.01 s, and record the 
position, velocity, and acceleration t = 2.00 s. Then we reduce the interval to 0.005 s and again find 
the position, velocity, and acceleration at t = 2.00 s. We compare the results from the smaller time 
interval with those of the larger time interval to see if they agree within 2%. If not, a smaller interval 
is used, and the process repeated. For this problem, the results for position, velocity, and 
acceleration for time intervals of 0.001 s and 0.0005 s agree to within 2%. Here are the results for 
various intervals. 


A t = 0.01s: 

A t = 0.005 s: 
At = 0.001s: 
A t = 0.0005 s: 


x(2.00s) = 0.0713m 
x (2.00s) = 0.0632 m 
x (2.00s) = 0.0574 m 
x(2.00s) = 0.0567 m 


v(2.00s) = -0.291 m/s 
v(2.00s) = -0.251 m/s 
v (2.00 s) = -0.222 m/s 
v (2.00 s) = -0.2 18 m/s 


(2.00s) = -4.58m/s 2 
(2.00s) = -4.07 m/s 2 
(2.00s) = -3.71 m/s 2 
(2.00s) = -3.66 m/s 2 


The graphs of position, velocity, and acceleration are shown below. The spreadsheet used can be 
found on the Media Manager, with filename “PSE4_1SM_CH14.XLS”, on tab “Problem 14.94”. 
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Responses to Questions 

[T] Yes. A simple periodic wave travels through a medium, which must be in contact with or connected 
to the source for the wave to be generated. If the medium changes, the wave speed and wavelength 
can change but the frequency remains constant. 

2. The speed of the transverse wave is the speed at which the wave disturbance propagates down the 
cord. The individual tiny pieces of cord will move perpendicular to the cord with an average speed 
of four times the amplitude divided by the period. The average velocity of the individual pieces of 
cord is zero, but the average speed is not the same as the wave speed. 

3. The maximum climb distance (4.3 m) occurs when the tall boat is at a crest and the short boat is in a 
trough. If we define the height difference of the boats on level seas as Ah and the wave amplitude as 
A, then Ah + 2 A = 4.3 m. The minimum climb distance (2.5 m) occurs when the tall boat is in a 
trough and the short boat is at a crest. Then Ah -2A = 2.5 m. Solving these two equations for A 
gives a wave amplitude of 0.45 m. 

4. (a) Striking the rod vertically from above will displace particles in a direction perpendicular to the 

rod and will set up primarily transverse waves. 

( b ) Striking the rod horizontally parallel to its length will give the particles an initial displacement 
parallel to the rod and will set up primarily longitudinal waves. 

5. The speed of sound in air obeys the equation v = yjB/p. If the bulk modulus is approximately 

constant and the density of air decreases with temperature, then the speed of sound in air should 
increase with increasing temperature. 

6. First, estimate the number of wave crests that pass a given point per second. This is the frequency of 
the wave. Then, estimate the distance between two successive crests, which is the wavelength. The 
product of the frequency and the wavelength is the speed of the wave. 

fr] The speed of sound is defined as v = B/ p , where B is the bulk modulus and p is the density of the 
material. The bulk modulus of most solids is at least 1 0 6 times as great as the bulk modulus of air. 
This difference overcomes the larger density of most solids, and accounts for the greater speed of 
sound in most solids than in air. 

8. One reason is that the wave energy is spread out over a larger area as the wave travels farther from 
the source, as can be seen by the increasing diameter of the circular wave. The wave does not gain 
energy as it travels, so if the energy is spread over a larger area, the amplitude of the wave must be 
smaller. Secondly, the energy of the wave dissipates due to damping, and the amplitude decreases. 

9. If two waves have the same speed but one has half the wavelength of the other, the wave with the 
shorter wavelength must have twice the frequency of the other. The energy transmitted by a wave 
depends on the wave speed and the square of the frequency. The wave with the shorter wavelength 
will transmit four times the energy transmitted by the other wave. 

10. Yes. Any function of (x - vt) will represent wave motion because it will satisfy the wave equation, 
Eq. 15-16. 
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11. The frequency does not change at the boundary because the two sections of cord are tied to each 
other and they must oscillate together. The wavelength and wave speed can be different, but the 
frequency must remain constant across the boundary. 

12. The transmitted wave has a shorter wavelength. If the wave is inverted upon reflection at the 
boundary between the two sections of rope, then the second section of rope must be heavier. 
Therefore, the transmitted wave (traveling in the heavier rope) will have a lower velocity than the 
incident wave or the reflected wave. The frequency does not change at the boundary, so the 
wavelength of the transmitted wave must also be smaller. 

13. Yes, total energy is always conserved. The particles in the medium, which are set into motion by the 
wave, have both kinetic and potential energy. At the instant in which two waves interfere 
destructively, the displacement of the medium may be zero, but the particles of the medium will 
have velocity, and therefore kinetic energy. 

14. Yes. If you touch the string at any node you will not disturb the motion. There will be nodes at each 
end as well as at the points one-third and two-thirds of the distance along the length of the string. 

15. No. The energy of the incident and reflected wave is distributed around the antinodes, which exhibit 
large oscillations. The energy is a property of the wave as a whole, not of one particular point on the 
wave. 

16. Yes. A standing wave is an example of a resonance phenomenon, caused by constructive 
interference between a traveling wave and its reflection. The wave energy is distributed around the 
antinodes, which exhibit large amplitude oscillations, even when the generating oscillations from the 
hand are small. 

17. When a hand or mechanical oscillator vibrates a string, the motion of the hand or oscillator is not 
exactly the same for each vibration. This variation in the generation of the wave leads to nodes 
which are not quite “true” nodes. In addition, real cords have damping forces which tend to reduce 
the energy of the wave. The reflected wave will have a smaller amplitude than the incident wave, so 
the two waves will not completely cancel, and the node will not be a true node. 

18. AM radio waves have a much longer wavelength than FM radio waves. Flow much waves bend, or 
diffract, around obstacles depends on the wavelength of the wave in comparison to the size of the 
obstacle. A hill is much larger than the wavelength of FM waves, and so there will be a “shadow” 
region behind the hill. Flowever, the hill is not large compared to the wavelength of AM signals, so 
the AM radio waves will bend around the hill. 

19. Waves exhibit diffraction. If a barrier is placed between the energy source and the energy receiver, 
and energy is still received, it is a good indication that the energy is being carried by waves. If 
placement of the barrier stops the energy transfer, it may be because the energy is being transferred 
by particles or that the energy is being transferred by waves with wavelengths smaller than the 
barrier. 

Solutions to Problems 

[l] The wave speed is given by v-Af. The period is 3.0 seconds, and the wavelength is 8.0 m. 
v = Af = A/T = (8.0m) /(3.0s) = 2.7 m/s 
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2. The distance between wave crests is the wavelength of the wave. 


A = v/ f = 343 m/s/262 Hz = |l.31m 


3. The elastic and bulk moduli are taken from Table 12-1. The densities are taken from Table 13-1. 

■ = Jb/p = , 


(a) For water: v ■ 

( b ) For granite: v = yjE/p 

(c) For steel: v = , Je/p 


2.0xl0 9 N/m 2 


1.00 xlO 3 kg/m 3 

I 45x10’ N/m 2 
I2.7xl0 3 kg/m 3 ' 

1 200x10’ N/m 2 
1 7.8 xlO 3 kg/m 3 " 


1400 m/s 


4 100 m/s 


5100m/s 


4. To find the wavelength, use A = v/f. 


. v 3.00x10 m/s , v 3.00x10 m/s . 

AM: \ = — = = 545m A 1 = — = ; = 188m | AM: 190 m to 550 m 


f t 550x10 Hz 


f 2 1600x10 Hz 


. v 3.00x10 m/s , v 3.00x10 m/s 

FM: A = — = — = 3.41m A, = — = — = 2.78m 

88x10 Hz “ f 2 108x10 Hz 


FM: 2.8m to 3.4m 


5. The speed of the longitudinal wave is given by Eq. 15-3, v = -yjE/p . The speed and the frequency 

are used to find the wavelength. The bulk modulus is found in Table 12-1, and the density is found 
in Table 13-1. 


A = - = 


IpJ 


100x1 0’ N/m 2 
7.8 xlO 3 kg/m 3 


/ / 


5800 Hz 


0.62 m 


6. To find the time for a pulse to travel from one end of the cord to the other, the velocity of the pulse 
on the cord must be known. For a cord under tension, we have Eq. 15-2, v = Jf t / p. 


Ex F r . Ax 
v — — = -> At = ■ 


3.0 m 


At 


p 


140N 


0.19s 


p ]j( 0.65kg)/(8.0m) 


[/] For a cord under tension, we have from Eq. 15-2 that v = sJf t / p. The speed is also the 

Av 

displacement divided by the elapsed time, v = — . The displacement is the length of the cord. 

At 


m 


f- 


F t Ax ^ f 

v — — — — — > F t — p 

ip At T ^ (At) 1 £ (At) (At) 


m£ _ (0.40kg) (7.8m) 


(0.85s) 2 


4.3N 


8. The speed of the water wave is given by v = ^ B/ p , where B is the bulk modulus of water, from 
Table 12-1, and p is the density of sea water, from Table 13-1. The wave travels twice the depth of 
the ocean during the elapsed time. 
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vt t I B 2.8s 2.0xl0 9 N/m 2 


2 2 Vp 2 V 1. 025 xlO 3 kg/m 3 


= 2.0x10m 


9. ( a ) The speed of the pulse is given by 

Ax 2 (660 m) . n 

v = — = — 1 = 77.65 m/s =78 m/s 


At 17s 


(. b ) The tension is related to the speed of the pulse by v = JrJJi. The mass per unit length of the 
cable can be found from its volume and density. 


m m 

p — — = r — — > 

V n{df 2)-£ 

m f dX / 3l / 3 \/l.5xl0~ 2 m 

// = — = Tip — = ^(7.8x10 kg/m ) 

£ \2 ) l 2 


= 1.378 kg/m 


-> F t = vft = (77.65 m/s) 2 (1.378 kg/m) = I8300N 


10. (a) Both waves travel the same distance, so Ax = v l t l = v 2 1 2 . We let the smaller speed be v, , and 
the larger speed be v, . The slower wave will take longer to arrive, and so t x is more than t 2 . 

t x = t 2 +1.7min = t 2 + 102s — > v t (t 2 + 102s) = v 2 t 2 — » 

t 2 - — — — (102s) = 5 ’ 5kn ^ S (102s) = 187s 

v 2 -Vj 8.5km/s-5.5km/s 

Ax = v 2 t 2 = (8.5km/ s )(l87 s ) = 1600km 

(. b ) This is not enough information to determine the epicenter. All that is known is the distance of 
the epicenter from the seismic station. The direction is not known, so the epicenter lies on a 
circle of radius 1.9xl0 3 km from the seismic station. Readings from at least two other seismic 
stations are needed to determine the epicenter’s position. 


11. (a) The shape will not change. The wave will move 1.10 meters to the right in 1.00 seconds. See 
the graph. The parts of the string that are moving up or down are indicated. 
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(b) At the instant shown, the string at point A will be moving down. As the wave moves to the 
right, the string at point A will move down by 1 cm in the time it takes the “valley” between 1 
m and 2 m to move to the right by about 0.25 m. 

Ay -1cm 


v = ■ 


-4 cm/ s 


At 0.25m/l.l0m/s 
This answer will vary depending on the values read from the graph. 


12 . 


We assume that the wave will be transverse. The speed is given by Eq. 15-2. The tension in the 
wire is equal to the weight of the hanging mass. The linear mass density is the volume mass density 
times the cross-sectional area of the wire. The volume mass density is found in Table 13-1. 


[K- 

l m miS 

l m M,g _ 

(5.0 kg) (9.80m/s 2 ) 



1 At \ 

( 7800 kg/m 3 )^( 0.50 x 10~ 3 m) 2 


13. The speed of the waves on the cord can be found from Eq. 15-2, v = The distance between 

the children is the wave speed times the elapsed time. 

2 35N 


Ax = vAt = At — j — — > Ax = (At) 2 — = ( 0.50s)" 

V mj Ax m 0.50 kg 


18m 


14. (a) We are told that the speed of the waves only depends on the acceleration due to gravity and the 
wavelength. 


v = kg a A r 


~L~ 


“ L " 

_z_ 




[L] r T :-l = -2a -a a = 1/2 


L\l = a+y — > y = l-a = l/2 


= kJgA 


(b) Here the speed of the waves depends only on the acceleration due to gravity and the depth of the 
water. 


= kg a h p -A 


" L~ 


“ L " 

T_ 


T 2 _ 


[if T:-\ = -2a -a a = \jl 


L:l = a+0 -a 0 = 1- a = 1/2 


= kyfgh 


15. From Eq. 15-7, if the speed, medium density, and frequency of the two waves are the same, then the 
intensity is proportional to the square of the amplitude. 


The more energetic wave has the larger amplitude. 


/,//, = e/e = £ /£ =3 -» A/A = V 3 = 1.73 


16. (a) 


Assume that the earthquake waves spread out spherically from the source. Under those 
conditions, Eq. (15-8ab) applies, stating that intensity is inversely proportional to the square of 
the distance from the source of the wave. 


^km/Askm =(l5km)V( 45 km) 2 


0.11 
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( b ) The intensity is proportional to the square of the amplitude, and so the amplitude is inversely 
proportional to the distance from the source of the wave. 


^skm /4s ^ = 15 km/45 km = [033 


17. We assume that all of the wave motion is outward along the surface of the water - no waves are 
propagated downwards. Consider two concentric circles on the surface of the water, centered on the 
place where the circular waves are generated. If there is no damping, then the power (energy per 
unit time) being transferred across the boundary of each of those circles must be the same. Or, the 
power associated with the wave must be the same at each circular boundary. The intensity depends 
on the amplitude squared, so for the power we have this. 


P = I (2 nr) = kA 2 2nr = constant 


7 constant 

A = 

2 nrk 


A °c — -== 
sjr 


1 8. (a) Assuming spherically symmetric waves, the intensity will be inversely proportional to the 
square of the distance from the source. Thus Ir 2 will be constant. 


T 2 j 2 

1 r = L k 

near near tar tar 


/ = / 


2 

^far 
far 2 

r 


■ (3.0x10 s w/ nf ) 


(48 km) 2 


= 6.912 x 10 9 w/m 2 « 6.9xl0 9 w/ 


(l.Okm) 

( b ) The power passing through an area is the intensity times the area. 
p = IA = (6.912 Xl0 9 w/m 2 ) (2.0m 2 ) = 


'm 


1.4x10 W 


1 9.| (a) The power transmitted by the wave is assumed to be the same as the output of the oscillator. 

That power is given by Eq. 15-6. The wave speed is given by Eq. 15-2. Note that the mass per 
unit length can be expressed as the volume mass density times the cross sectional area. 

K. .7 _ , _ f^~ 

p \ pS" 


P = 2n l pSvf 1 A 1 = 2 rfpsp-ff? = 2x 2 pSj^f 2 A 2 = 2n 2 f 2 A 2 Js^F 1 


= 2 n 2 (60.0 Hz) 2 (0.0050 m) 2 ^(5.0xl0 _3 m) 2 (7800kg/ m 3 )(7.5N) 


0.38W 


( b ) The frequency and amplitude are both squared in the equation. Thus is the power is constant, 


and the frequency doubles, the amplitude must be halved, and so be 0.25 cm 


20. Consider a wave traveling through an area S with speed v, much like Figure 15-11. Start with Eq. 
15-7, and use Eq. 15-6. 

E £ energy 


j _P _ E _ Ef _ 

~ S~ St~ S£t~ S£ t 


volume 


-XV 


21 . (a) We start with Eq. 15-6. The linear mass density is the mass of a given volume of the cord 
divided by the cross-sectional area of the cord. 

P = 2n 2 pSvf 2 A 2 ■ p = ™=^ = P^L = pS -> P = 2n 2 pvf 1 A 1 

£ £ £ 

( b ) The speed of the wave is found from the given tension and mass density, according to Eq. 15-2. 
P = 2 n 2 pvf 2 A 2 = 2 7t 2 f 2 A 2 jU^FjjU = 2n 2 f 2 A 1 JpF 1 

= 2k 2 (120 Hz) 2 (0.020m) 2 ^( 0.10 kg/m) (135 N) = | 


420 W 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

480 











Chapter 15 


Wave Motion 


22. (a) The only difference is the direction of motion. 
D(x,t) = 0.015sin(25x + 1200/) 


( b ) The speed is found from the wave number and the angular frequency, Eq. 15-12. 
a 1200 rad/s 


k 


25 rad/ m 


48 m/s 


23. To represent a wave traveling to the left, we replace r by x + vt. The resulting expression can be 
given in various forms. 


D = Asm\2n (x + vt) ! A + (j)\ = Hsin 

2nj 

f x vt / 
[A + lj 

\ + <P 

= Hsin 

2nj 

f x_ O 
U TJ 

\ + 0 

= Asm(kx + cot + (/)) 









24. The traveling wave is given by D = 0.22sin(5.6x + 34?). 
(a) The wavelength is found from the coefficient of x. 

5.6m- 1 =— A = ^- = 1.122m = 


A 5.6 m 

(b) The frequency is found from the coefficient of t. 


1.1m 


34 s -1 =2 nf 


34s -1 

f = = 5.411 Hz 

In 


5.4 Hz 


(c) The velocity is the ratio of the coefficients of t and x. 
v = Af = — =6.071m/s= 6.1m/s 


5.6m 1 2 n 


Because both coefficients are positive, the velocity is in the negative x direction| . 
(d) The amplitude is the coefficient of the sine function, and so is 


0.22 m 


( e ) The particles on the cord move in simple harmonic motion with the same frequency as the 
wave. From Chapter 14, v =Dco=2nfD. 

r 7 max 


v -2nfD = 2n 

max J 


^34s~ lA 
2 n 


(0.22 m) = 7.5 m/: 


The minimum speed is when a particle is at a turning point of its motion, at which time the 
speed is 0. 


25. The traveling wave is given by D(x,t) = (0.026m)sin^45m 'jx-(l570s ')? + 0.66 
(a) v x — ^ — — (l570s 1 )( 0.026m) cos [(45m 1 ) x — ( 1570 s 1 ) ? + 0.66] -> 


(vj max =(l570s ')(0.026m)= 41m/s 

(b) a x = d = -(l570s“‘ ) 2 (0.026m) sin[(45m _, )x - ( 1570s" 1 ) t + 0.66] 


(Omax -( 1570s -1 ) ( 0.026m) = 6.4xl0 4 m/s 
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(c) 


v v ( 1.00 m, 2.50 s) 


a x (l.00m,2.50s) 


-(1570s 1 ) (0.026 m) cos [(45 m -1 )( 1.00 m) - (l570s 1 ) (2.50 s) + 0.66] 

35 m/s 

— (l570s 1 ) 2 (0.026 m)sin[(45 m _1 )(l. 00m) -(l570s~‘)(2. 50s) + 0.66] 
3.2xl0 4 m/s 2 


26. The displacement of a point on the cord is given by the wave, D(x,t) = 0.12sin(3. Ox-15. Ot). The 

dD 

velocity of a point on the cord is given by — . 

dt 


0(0.60 m, 0.20s) = (0. 12 m)sin[(3.0nT') (0.60m) -(l5.0s~‘) (0.20s)] = 


-0.11m 


dD 

dt 

dD 

dt 


■ (0.12m)(-15.0s ‘)cos(3.0x-15.0t) 


( 0.60 m, 0.20 s) = (0.12 m) (-15.0s~‘)cos[~ (3-OnT 1 )(0.60m) - (l5.0s"‘ )(0.20s)] = [-0.65 m/s 


27. (a) The spreadsheet used for 
this problem can be found 
on the Media Manager, 
with filename 
“PSE4_1SM_CH15.XLS,” 
on tab “Problem 15.27a.” 


(. b ) For motion to the right, replace x by x - vt. 

D(x,t) = (0.45 m) cos [2.6(x-2.0t) + 1.2] 

(c) See the graph above. 

(d) For motion to the left, replace x by x + vt. Also see the graph above. 

D(x,t) = (0.45 m) cos [2.6(x + 2.0t) + 1.2] 



28. (a) The wavelength is the speed divided by the frequency. 
^ _ v _ 345m/s 


0.658m 


/ 524 Hz 

(. b ) In general, the phase change in degrees due to a time difference is given by 


A</> 

360° 


\</> At 
— — = — = f At 
360° T 


At - 


1 A <p 


1 


/ 360° 524 Hz 


f 90° ) 




4.77xl0^s 

v360°J 




At 
T ‘ 
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( c ) In general, the phase change in degrees due to a position difference is given by 


A0 Ax 


360° A 


A0 Ax Ax , . 0.044 m/ , 

— - = — -> A0 = — (360°) = (360°)= 24.1° 

360° A A 0.658m 


29. The amplitude is 0.020 cm, the wavelength is 0.658 m, and the frequency is 524 Hz. The 

displacement is at its most negative value atx = 0, t = 0, and so the wave can be represented by a 
cosine that is phase shifted by half of a cycle. 

D(x,t ) = A cos (Ax - cot + 0) 

2n 2 nf 2^(524 Hz) 


A = 0.020cm ;k- 


A 


345 m / s 


■ = 9.54m 1 ; co = 2nf = 2^(524 Hz) = 3290rad/s 


D 


( x,t ) = (0.020cm)cos (9.54m ‘)x-(3290rad/s)t + ;rj ,x inm, t ins 


Other equivalent expressions include the following. 

D(x,t) = -(0.020 cm) cos [^( 9.54 m ~')x - (3290 rad/s) fj 

D ( x, t ) = ( 0.020 cm) sin [ ( 9.54 nf 1 ) x - ( 3290 rad/s )t + f 


30. (a) For the particle of string at x = 0, 
the displacement is not at the 
full amplitude at t = 0. The 
particle is moving upwards, and 
so a maximum is approaching 
from the right. The general form 
of the wave is given by 
D(x,t) = Asm(kx + CQt + (ft) . At 

x = 0 and t = 0, Z)(0,0) = Hsin0 

and so we can find the phase 
angle. 



D(0,0) = Asm0 — > 0.80cm = ( 1.00 cm) sin 0 — > 0 = sin 1 (0.80) = 0.93 


So we have Z)(x,0) = Hsin 


2 n ^ 
— x + 0.93 
3.0 j 


x in cm. See the graph. It matches the description 


given earlier. The spreadsheet used for this problem can be found on the Media Manager, with 
filename “PSE4_ISM_CH15.XLS,” on tab “Problem 15.30a.” 

(/;) We use the given data to write the wave function. Note that the wave is moving to the right, 
and that the phase angle has already been determined. 

D(x,t) = Asm(kx + cot + 0) 

2 jr 

A = 1.00cm ; k 2.09cm _1 ; ,0)-2nf = 2^(245Hz) - 1540rad/s 

3.00cm 


D(x,t) = (l. 00cm) sin (2.09cm 1 )x + (l540rad/s ) t + 0.93 J , x 


in cm, t in s 
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31. To be a solution of the wave equation, the function must satisfy Eq. 15-16, 
D = Asinkxcoscot 

dD d'D 2 

— = kA cos kx cos cot ; — — = -k A sm kx cos cot 

dx dx 

dD . d'D 2 

— = -co A sm kx sm cot ; — — = -of A sm kx cos cot 

dt 2 


d 2 P _ 1 d 2 P 
dx 2 v 2 dr 


dt 


This gives 


d 2 P k 2 d 2 P 


„ - , „ , and since v = — fromEq. 15-12, we have , - „ 

dx' CO' dr k dx' v dt' 


d 2 P 1 d 2 P 


Y es, the function is a solution. 


32. To be a solution of the wave equation, the function must satisfy Eq. 15-16, 


d 2 P 1 d 2 P 


{a) D = A\n(x + vt) 
dD A d 2 P 


dx 2 v 2 dt 2 


dx x + vt ’ dx 2 (x + vt) 

d 2 P 1 d 2 P 


2 ’ 


dD _ Av d 2 D__ Av 2 
dt x + vt dt' (x + vt)' 


This gives 


( b ) D = (x-vt ) 

dD / v - 
— = 4(x-vt) 
ox 


dx 2 v 2 dt' 

4 


and so yes, the function is a solution 


d'D \ 2 dD / 

— = 12 (x-vt) ; — = -4 v(x-vt) 


d 2 P 
dt 2 


= \2v 2 ( x-vt )" 


^ . . d 2 D 1 d 2 D r — : — : r— 

This gives = —~r, and so yes, the function is a solution 


dx 2 v 2 dt 2 


33. We find the various derivatives for the function from Eq. 1 5- 1 3c. 

D(x,t) = Asin(kx + cot) ; ^- = Ak cos (kx + cot) ; = -Ak 2 sin(fo; + cot); 

dx dx' 

— = Acocos ( kx + cot) ; = -Aco 2 sin (fa; + cot ) 

dt dt' 


To satisfy the wave equation, we must have 
d 2 P 1 d 2 P 


d 2 P 1 d 2 P 


dx 2 v 2 dt 2 


— » 


dx' v dt' 

Ak 2 sin (kx + cot) =^(^-AaT sm(kx + cot)) — > k 2 =^- 


Since v-co/k, |the wave equation is satisfied 


We find the various derivatives for the function from Eq. 15-15. Make the substitution that 
u — x + vt, and then use the chain rule. 
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, , , , , , dP dD du dD d 2 P d dD ( d dD 

D(x,t) = D(x + vt) = D(u) ; — = — 


dx du dx du dx~ dx du 


dx du 


du d 2 P 


dx du 2 


dt du dt du 


d 2 p 

- d 1 

f (IP ' 

I d dD I 

( d dP N 



v — 


— 

df 

dt 

ly dll ) 

dt du 

1, du du y 


du d~D 


2 d~D 

— = v — — v = V- — — 
dt du du 


To satisfy the wave equation, we must have 


d 2 P _ 1 d 2 P 

dx 2 v 2 dt 2 


d 2 P 1 d 2 P d 2 P 1 ,d 2 P d 2 P 


dx 2 v 2 dt 2 


du 2 v 2 du 2 du 2 


Since we have an identity, pie wave equation is satisfied|. 


34. Find the various derivatives for the linear combination. 
P(x,t) = C,Z>, + C 2 P 2 = CJ\ (x, t) + CJ 2 (x, t) 

dP df df d 2 P d 2 f d 2 f 

— = C, — + C— ; — - = C. + 


1 2 9 2 t 'A 2 £ 2 

dx dx dx dx dx dx 

dP df df d 2 P d 2 f d 2 f 

dt 1 dt 2 dt dt 2 ' df 2 df 

D 1 D 

To satisfy the wave equation, we must have — p = — — — . Use the fact that both f and f 2 satisfy 


dx 2 v 2 dt 1 


the wave equation. 


dx 


dx' 


"2 2 


0X 


C. 

[ 1 3V; 1 

+ C 2 

r 1 9 2 f 2 1 

1 

\cffcff] 

1 

V 2 dr 


v 2 df 

2 

V 

1 df 2 df 


1 d 2 P 

V~df~ 


^ , a 2 D i d 2 p . „ , 

Thus we see that — — = — — — , and so P satisfies the wave equation, 
dx' v dr 


D j 

35. To be a solution of the wave equation, the function must satisfy Eq. 15-16, — - = — — — 

dx" •' 


D = e (h ‘- atf ; — = -2k(kx-ax)e (la -°* f 
dx 


dfP 

dx 2 

dP 

dt 

d 2 P 


= -2k ( kx-tot ) -2k [kx - cot) e M) + [-2k 2 ) e 


df 


(kx-atf _ 2 k 2 \2{kx- cot) 2 - 1] e“ (fa_<af) 


= 2co{kx — cot) e ^ e *' > 

^ ., =2co{kx-cot) 2co(kx - cot) ^ J + (-2fy 2 )e" 


= 2 co 2 [2 (Ax - cot) 2 - 1] e (kx - af 


d 2 P 1 d 2 P 


dx 2 v 2 dr 


2k 


2 (kx-cot)- -1 e 


(kx-lOl ) 2 _ 

2 

V 


2[kx-cot)--\ e 


-( kx-cot ) 2 


2 CO- 
k =— 
v 

CO 


Since v = — , we have an identity. |Yes, the function is a solution.) 
k 
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36. We assume that A<s. A for the wave given by D = Jsin(fc\: - cot). 

D = A sin (fcr - cot) — > v = = -coA cos ( kx -cot) — » v' iax = coA 

<)t 


A<cA — » 




/l — > 


<^coA = 


v — ^ 

wave 


v v 

max wave 


^ = cMJ_nfAj^^ 
v v v fA 


n 

50 


0.063 


37. (a) For the wave in the lighter cord, D(x,t) = (0.050 m) sin |^7.5m ’’ -(l2.0s 

2 n 


A_ 2n _ 


k (7.5m 


0.84m 


( b ) The tension is found from the velocity, using Eq. 15-2. 

v= -» F t =juv 2 = (0.10 kg/m) S ^ 

v // k~ 


(7.5m 


0.26 N 


(c) The tension and the frequency do not change from one section to the other. 

ft" 2n f/f 


F =F 

± T1 ± T2 


2 2 

co 0 

A.J A - 7 


A =4 


II 

<N 

0.59m 

(7.5 m" ) 



38. (a) The speed of the wave in a stretched cord is given by Eq. 15-2, v = JFj/M- The tensions must 

be the same in both parts of the cord. If they were not the same, then the net longitudinal force 
on the joint between the two parts would not be zero, and the joint would have to accelerate 
along the length of the cord. 

w _ Ft/m* 


• = Ft/M 


■F, 


m l 


Ml 


Mn 


(. b ) The frequency must be the same in both sections. If it were not, then the joint between the two 
sections would not be able to keep the two sections together. The ends could not stay in phase 
with each other if the frequencies were different. 


/■ = - ZiL = Zk = 

A A A A v 

k H T. T. v L 


Ml 


Mn 


(c) The ratio under the square root sign is less than 1 , and so the [lighter cord| has the greater 
wavelength. 

39. (a) The distance traveled by the reflected sound wave is found from the Pythagorean theorem. 

d = 2^D 2 + (jF 


= vt — » 


t = ~F 2+ ( 2 X T 


( b ) Solve for t 2 


< =~ 
v 


D 2 + (x x ) 


x~ 4 2 

= — + —D 

, 2 2 

- 1 V V 
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A plot of r vsx 2 would have a slope of l/v 2 , which can be used to determine the value of v. 

4 2 

The y intercept of that plot is —D~. Knowing the y intercept and the value of v, the value of D 
can be determined. 


40. The tension and the frequency do not change from one side of the knot to the other. 

(a) We force the cord to be continuous at x = 0 for all times. This is done by setting the initial 
wave plus the reflected wave (the displacement of a point infinitesimally to the LEFT of x = 0 ) 
equal to the transmitted wave (the displacement of a point infinitesimally to the R1GF1T of 
x = 0 ) for all times. We also use the facts that sin(-$) = - sin 6* and k x v x = k 2 v 2 . 

D(0,t) + D r (0,t) = D t (0,t) — » A sin (— A, v,?) + A r sin(k 1 v 1 t) = A r sin (~k 2 v 2 t) — > 
-Asin(k,v/) + A R sin(k l v l t) = -A T sin (k 2 v 2 t) - A T sin(k l v,t) — > 


—A + A r — —Aj — ^ A — Aj + A r 


d d 

( b ) To make the slopes match for all times, we must have — [Z)(x,t) + D R (x,t)] = — [Z? T (x,t)] 

ox ox 

when evaluated at the origin. We also use the result of the above derivation, and the facts that 
cos(-6*) = cos 6 and k x v x = k 2 v 2 . 


— [D(x,t) + D R (x,t)\ 

ox 


[T> T (x,t)] ^ 

\x=0 V X x=0 

k x Acos(-k x v x t) + k x A R cos(k,v 1 ?) = k 2 A T cos (~k 2 v 2 t) — > 
k x Acos(k x v x t) + k x A R cos(k 1 v,t) = k 2 A^ cos (k 2 v 2 t) — > 


k x A + k x A R — k 2 A^ — k 2 ( A — A R ) — > 




f k, - k ^ 


— » 

A = 

2 1 

A 


K 

K k 2 +k iJ 



Use k 2 = k x — . 


4 = 


r k 2 -k ' 

K k 2 + k x j 


A = 


f v, ^ 

k x --k x 

V 2 

k x — + k x 
. V 2 ) 


( 


A = — 
k, 


^- + 1 


A = 




Zl + Zi 


A = 


V V 1 + V 2 J 


A 


(c) Combine the results from the previous two parts. 


A t =A-A r = A- 


f k 2 - k x ^ 

\ k 2 +k \j 


A = A 


2 k x 


k x — + k x 


V V 2 


A = 


( 2v, A 
vU+Uy 


A 


' k 2 -k x ' 

= A 


+ k x ^ 


( k 2 - k x ^ 


( 2k i ) 

\ k 2 + k \ v. 

_K k 2 

+ k J 


V k 2 +k x;_ 


y k 2 +k iV 
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41. (a) 



0 b ) 


(c) 



The energy is all kinetic energy at the moment when the string has no displacement. There is 
no elastic potential energy at that moment. Each piece of the string has speed but no 
displacement. 


42. (a) The resultant wave is the algebraic sum of the two component waves. 

D = Z), + D 2 = Asm(kx - cot) + Asin(kx- cot + (f>) = A\sm(kx - cot) + Asm(kx - cot + 0)\ 

= A\2sm\\(kx - cot) + [kx - cot + cf))^[cos\\{kx - cot) -(kx- cot + 0)]} 

= 2A{sm\(2kx - 2 cot + 0)}{cos{(^)} = 


• 


2Hcos— I sin 

l 2 ) 


' 0 

kx- cot + — 

l 2 


(b) The amplitude is the absolute value of the coefficient of the sine function, 


0 

2Hcos — 
2 


. The 


wave is 


purely sinusoidal because the dependence on x and t is sin 

Inn 


f 0\ 

kx-cot + — \. 

2. 


(c) If 0 = 0, 2 n, An, Inn , then the amplitude is 


1 A ^ 

2 A cos — 

2 


2Hcos- 


= |2Jcosn^| = |2v4 (±l)| 


= 2T , which is constructive interference. If 0 = n, 3 n, 5 n, ■ • (2 n + 1 )n , then the amplitude 


is 

1A 0 

2Hcos — 


(2/7 + lW 
2 A cos 


2 


2 


= 2 A cos 


[( n + l)n]\ = 0 ’ 


= 0 , which is destructive interference. 


n 


(i d) If 0 = — , then the resultant wave is as follows. 
2 


f 


D = 


<P 

2 A cos — 

2) 


\ 


sm 


0 

kx-cot + — 

2 ) 


( n\ 

2 A cos — 

V 4 J 


sm 


f n\ 

kx- cot ‘ h — 

V 4y 


= 42 A 


sm 


kx- cot -\ — 

V 4y 


This wave has an amplitude of \flA , is traveling in the positive x direction, and is shifted to the 
left by an eighth of a cycle. This is “halfway” between the two original waves. The 
displacement is \A at the origin at t = 0. 


43. The fundamental frequency of the full string is given by / u „ fmgercd = — = 441 Hz . If the length is 

reduced to 2/3 of its current value, and the velocity of waves on the string is not changed, then the 
new frequency will be as follows. 


/« 


3 v 


fingered 


2(f/) 2 2/ 






unfingered 


C 3 

- I (441 Hz) = 


662 Hz 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

488 


Chapter 15 


Wave Motion 


44. The frequencies of the harmonics of a string that is fixed at both ends are given by f n = nf \ , and so 
the first four harmonics are 


f x = 294 Hz ,/ 2 = 588 Hz ,/ 3 = 882 Hz ,/ 4 = 1 1 76 Hz 


45. The oscillation corresponds to the fundamental. The frequency of that oscillation is 
1 1 2 

f - — = = — Hz. The bridge, with both ends fixed, is similar to a vibrating string, and so 

T 1.5s 3 


/„ = nfi = -y Hz, 77 = 1,2,3... 


. The periods are the reciprocals of the frequency, and so 


1.5s 

T = ,/7 = 1,2,3... 

77 


46. Four loops is the standing wave pattern for the 4 th harmonic, with a frequency given by 

/ 4 = 4 j\ - 280 Hz . Thus f x - 70 Hz ,/ 2 = 140 Hz , / 3 = 210 Hz, and f 5 = 350 Hz are all other 
resonant frequencies. 

47. Each half of the cord has a single node, at the center of the cord. Thus each half of the cord is a half 
of a wavelength, assuming that the ends of the cord are also nodes. The tension is the same in both 
halves of the cord, and the wavelengths are the same based on the location of the node. Let subscript 
1 represent the lighter density, and subscript 2 represent the heavier density. 



The frequency is higher on the lighter portion. 

48. Adjacent nodes are separated by a half-wavelength, as examination of Figure 15-26 will show. 

v i , v 96m/s 

A = — — > Ax . = \A = — = 

/ node 2 2/ 2 ( 445Hz ) 


0.11m 


|49.| Since f n = nj \ , two successive overtones differ by the fundamental frequency, as shown below. 
A/ = f n+l * /„ = (77 + 1) f x - nf x = f t = 320Hz - 240 Hz = [sOffe 


50. The speed of waves on the string is given by Eq. 15-2, v = y jF J / / u. The resonant frequencies of a 


77V 


string with both ends fixed are given by Eq. 15- 17b, f n = , where / ib is the length of the 

^ vib 

portion that is actually vibrating. Combining these relationships allows the frequencies to be 
calculated. 
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= _n_ /y 

" _ 2/ Ib V M 




520 N 


2(0.600m)^(3.16xl0“ 3 kg)/(0.900m) 
f 2 = 2f l = 641.4 Hz f 3 = 3/j =962.1 Hz 
So the three frequencies are 


= 320.7 Hz 


320 Hz, 640 Hz, 960 Hz 


, to 2 significant figures. 


51. The speed of the wave is given by Eq. 15-2, v = 2 Jf i / /u. The wavelength of the fundamental is 

2, = 2/. Thus the frequency of the fundamental is /,= — = — Each harmonic is present in 

\ 2 £ \ H 


a vibrating string, and so f n - nj\ = 


n 

Fr 

2/ ]] 

M 


n - 1,2,3,.... 


52. The string must vibrate in a standing wave pattern to have a certain number of loops. The frequency 
of the standing waves will all be 120 Hz, the same as the vibrator. That frequency is also expressed 

by Eq. 15- 17b, f n = . The speed of waves on the string is given by Eq. 15-2, v = y]F T /fi. The 

tension in the string will be the same as the weight of the masses hung from the end of the string, 

F t = mg , ignoring the mass of the string itself. Combining these relationships gives an expression 
for the masses hung from the end of the string. 

4 f-flF 


O) fn = 


nv 


Fr 


n mg 


2/ 2£\ n 2/]] n 


m = - 


2 

n g 



m x 

(b) 

m. 


(c) 

m 

m s = 


l 2 (9.80 m/s 2 ) 
,728 kg 


■ = 8.728 kg = 8.7 kg 


4 

,728 kg 


2.2 kg 


25 


0.35 kg 


53. The tension in the string is the weight of the hanging mass, F T = mg . The speed of waves on the 

/ F I JTIg 

string can be found by v = — = — , and the frequency is given as / = 120 Hz . The wavelength 

V // V u 


of waves created on the string will thus be given by 
^ _ v _ 1 mg _ 1 

”7”7^”i20H z '\| 


(0.070 kg) (9.80 m/s 2 ) 


= 0.2687 m . 


(6.6x10 4 kg/m) 

The length of the string must be an integer multiple of half of the wavelength for there to be nodes at 
both ends and thus form a standing wave. Thus / = 2/2,2, 32/2, •••/z2/2. The number of 
standing wave patterns is given by the number of integers that satisfy 0. 1 0 m < z;2/2 < 1 .5 m. 


0. 1 0 m < n2/2 — > n > 


2(0. 10m) _ 2(0. 10m) 


2 


0.2687 m 


= 0.74 
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2 (l.5m) 2(1. 5m) 

n; 1/2 < 1.5m -> n < = — * ^ = 11.1 

A 0.2687 m 

Thus we see that we must have n from 1 to 1 1 , and so there are JT standing wave patterns that may 
be achieved. 

54. The standing wave is given by D = (2.4cm) sin(0.60x)cos(42t). 

(a) The distance between nodes is half of a wavelength. 

, „ , 2 71 71 I — 1 


d = ±A = 


k 0.60 cm 


■ - 5.236cm = 5.2cm 


( b ) The component waves travel in opposite directions. Each has the same frequency and speed, 
and each has half the amplitude of the standing wave. 

to 42 s -1 

A = |(2.4 cm) = 1.2 cm ;/ = — = = 6.685 Hz = 6.7 Hz ; 

‘ V ’ In In 

v = Af = 2 d noit f = 2(5.236cm)(6.685Hz) = 70.01cm/s = 70cm/s (2 sig. fig.) 

dD 

(c) The speed of a particle is given by — . 

dt 

— = — [(2.4cm)sin(0.60x)cos(42t)] = (-42 rad/s) (2.4 cm) sin(0.60x) sin (42t) 
dt dt 

^(3.20 cm, 2.5s) = (-42 rad/s) (2.4 cm) sin jjo.60cnT‘) (3.20 cm)j sin [(42 rad/s) (2.5s)] 
= 92 cm/s 


55. | (a) The given wave is D x = 4.2sin(0.84x-47t + 2.l) . To produce a standing wave, we simply need 

to add a wave of the same characteristics but traveling in the opposite direction. This is the 
appropriate wave. 

D 2 = 4.2sin(0.84x + 47t + 2.l) 

(b) The standing wave is the sum of the two component waves. We use the trigonometric identity 
that sin#, +sin# 2 = 2sin /-(#, +# 2 )cos)-(6 , 1 -#,) . 

D = D x + D 2 - 4.2sin(0.84x -47t + 2.1) + 4.2sin(0.84x + 47f + 2.1) 

= 4.2(2){sin^[(0.84x - 47 1 + 2.1) + (0.84x + Alt + 2.1)]} 

{cost[(0.84x - Alt + 2.1) - (0.84x + Alt + 2.1)]} 

= 8.4sin(0.84x + 2.l)cos(-47t) = 8.4sin(0.84x + 2.l)cos(47t) 

We note that the origin is NOT a node. 

56. From the description of the water’s behavior, there is an antinode at each end of the tub, and a node 
in the middle. Thus one wavelength is twice the tub length. 

v = Af = (20/ = 2(0.45 m) (0.85 Hz) = 1 0.77 m/s 
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v 1 F 

57. The frequency is given by / = — = — — . The wavelength and the mass density do not change 

A AV ft 


when the string is tightened. 


1 IF 


f = i = i r ^ A = A1 a 

' A A\n A ]_ ft 

Ay ft 


= A -> /,=y;,l^ = (294H Z )Vni= 


F 


F, 


F, 


3 15 Hz 


58. (a) 


Plotting one lull wavelength 
means from x = 0 to 
2 n _ 2 n 

k 3.5nT 


x - A - ■ 


■ = 1.795m 


= 1.8m. The functions to be 
plotted are given below. The 
spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH15.XLS,” on 
tab “Problem 15.58.” 



D { =(0.15m)sin (3.5m ‘)x-1.8j and D, =(0.15m)sin (3.5m ‘)x + 1.8j 


(h) The sum D t + D 2 is plotted, 

and the nodes and antinodes 
are indicated. The analytic 
result is given below. The 
spreadsheet used for this 
problem can be found on the 
Media Manager, with 
filename 

“PSE4_1SM_CH15.XLS,” on 
tab “Problem 15.58.” 



D t + D 2 = (0. 15m) sin |^(3. 5m 1 )x-1.8j + (0.15m)sin(((3.5m ‘)x-1.8j 
= (0.30m)sin(3.5nT 1 x)cos(l.8) 

This expression should have nodes and antinodes at positions given by the following. 

nn 

3.5m x , = nn,n = 0,1,2... — > x = — = 0, 0.90m, 1.80 m 

n °de 3 _ 5 


3.5 rn ^antinode = = 0,1,2... 

The graph agrees with the calculations. 


(n + |W 

x = — = 0.45 m, 1.35 m 

3.5 
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59. The standing wave formed from the two individual waves is given below. The period is given by 

T = 2n/ co = 2nl\.%s i = 3.5s. 

D, + D 2 = (0.15m)sin^(3.5nr 1 )x-(l.8s“ 1 )t] + (0.15m)sin^(3.5nT 1 )x-(l.8s“ 1 )t] 

= (0.30m)sin(3.5m _1 x)cos(l.8s _ V) 

(a) For the point x = 

0, we see that the 
sum of the two 
waves is 
identically 0. 

This means that 
the point x = 0 is 
a node of the 
standing wave. 

The spreadsheet 
used for this 
problem can be 
found on the 

Media Manager, with filename “PSE4_ISM_CH15.XLS,” on tab “Problem 15.59.” 

(. b ) For the point 
x = /1/4, we see 
that the ampli- 
tude of that point 
is twice the 
amplitude of 
either wave. 

Thus this point is 
an antinode of 
the standing 
wave. The 
spreadsheet used 
for this problem 

can be found on the Media Manager, with filename “PSE4_ISM_CH15.XLS,” on tab “Problem 
15.59.” 



0 0.5 1 1.5 2 2.5 3 3.5 

t (s) 



60. (a) The maximum swing is twice the amplitude of the standing wave. Three loops is 1.5 
wavelengths, and the frequency is given. 

A = y(8.00cm) = 4.00cm ; a>=2 n f = 2^(120 FIz) = 750rad/s ; 

2 77 - 2 7i 

k - — — » ; = 1.64m — » A = 1.09m ; k- = 5.75m 1 

A ~ 1.09m 


D = 


Xsin(Ax)cos(iyt) = (4.00cm)sin (5.75m ')x cos[(750rad/s)t] 


(. b ) Each component wave has the same wavelength, the same frequency, and half the amplitude of 
the standing wave. 


D 1 = (2.00cm)sin|j5.75m ‘)x-(750 ra d/s)*] 
D 2 = (2.00cm)sin^(5.75nr' )x + (750 ra d/s)*] 
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61 ,| Any harmonic with a node directly above the pickup will NOT be “picked up” by the pickup. The 
pickup location is exactly 1/4 of the string length from the end of the string, so a sta nding wave with 
a frequency corresponding to 4 (or 8 or 12 etc.) loops will not excite the pickup. So n = 4, 8, and 12 
will not excite the pickup. 


62. 


The gap between resonant frequencies is the fundamental frequency (which is thus 300 Hz for this 
problem), and the wavelength of the fundamental is twice the string length. 


V = A/ = (2/) (/„ +1 -/;,) = 2 (0.65 m) (300 Hz) 


390 m/s 


63. The standing wave is the sum of the two individual standing waves. We use the trigonometric 
identities for the cosine of a difference and a sum. 

cos ( - 0, ) = cos 0, cos 0, + sin 0, sin 0, ; cos ( 0, + 0, ) = cos 0, cos 0 2 - sin 0, sin 0 2 

D - D x +D 2 = A cos (kx - cot) + A cos (kx + cot) = H[cos(kx - cot) + cos(kx + cot)) 

= A [cos kx cos cot + sin kx sin cot + cos kx cos cot - sin kx sin cot ] 

= 2 A cos kx cos cot 

Thus the standing wave is D - 2 A cos kx cos cot. The nodes occur where the position term forces 

71 

D-2A cos kx cos cot - 0 for all time. ThuscosAx = 0 — > kx = ±(2« + 1)— , n = 0,1,2, . Thus, 
since k = 2.0 m -1 , we have 


x = ±(n + ^) — m, n = 0,1,2,- 


64. The frequency for each string must be the same, to ensure continuity of the string at its junction. 

2 / 

Each string will obey these relationships: Af = v , v = — , A - — . Combine these to find the 

\ jU n 

nodes. Note that n is the number of “loops” in the string segment, and that n loops requires n + 1 
nodes. 


Af = v , v = 



— > 



-> f 



0.600m 2.70g/m 2 

J = 0.400 = - 

0.882m y 7. 80g/m 5 

Thus there are 3 nodes on the aluminum, since n Al = 2, and 6 nodes on the steel, since n F = 5, but 


one node is shared so there are |8 total nodes) . Use the formula derived above to find the lower 
frequency. 

2 



135N 


jU M 2 (0.600 m)\ 2.70 xlO -3 kg/m 


373 Hz 


65. The speed in the second medium can be found from the law of refraction, Eq. 15-19. 


sin0, 

sin0 


s i Q ^ /„ / \( sin 31°^ 

2 =(8.0km/s) 


sin0 


sin 52° 


5.2 km /s 


66. The angle of refraction can be found from the law of refraction, Eq. 15-19. 

= s in0 = sin0 — = sm35°^^^ = 0.5i2 -» 0, =sin~ 1 0.419 = ^1° 

sin0, Vj ‘ Vj 2.8m/s 
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67. The angle of refraction can be found from the law of refraction, Eq. 15-19. The relative velocities 

can be found from the relationship given in the problem. 

sin#, v, 331 + 0.607; . . 331 + 0.60(-15) , 322 

2 - 2 - 2 -> sin#, = sin 33 - = sin33° = 0.5069 


sin#, v, 331 + 0.607j 


331 + 0.60(25) 


346 


#, = suT 1 0.5069 = \Wj (2 sig. fig.) 


68. (a) Eq. 15-19 gives the relationship between the angles and the speed of sound in the two media. 

For total internal reflection (for no sound to enter the water), # = 90° or sin # = 1 . The air 

v ' 7 water water 

is the “incident” media. Thus the incident angle is given by the following, 
sin # i 


sin# , v , 

water water 


; 9. = # = sin 


sin # 


— > 


# iM = shr 1 


: sin 


(b) From the angle of incidence, the distance is found. See the diagram, 
v . 


tfairM = Sill ~ 


tan # . . = 

airM 


water 

x 


1.8m 


. 343 m/s 10 oo 

= sin — = 13.8 

1440 m/s 

x = (1.8m) tanl3.8° 


0.44 m 



69. The angle of refraction can be found from the law of refraction, Eq. 15-19. The relative velocities 
can be found from Eq. 15-3. 


smc 


sin #j v. 


sin#, = sin#, 



SG, 


# 2 = sin 0.70 = 144° 


70. The error of 2° is allowed due to diffraction of the waves. If the waves are incident at the “edge” of 
the dish, they can still diffract into the dish if the relationship 9 ~ Aj £ is satisfied. 

A 


f „ ^rad' 



2 x 

= 1.745xl0"m = 

2xl0' 2 m 

180° ) 




# = - -> A = £9 = (0.5 m) 

If the wavelength is longer than that, there will not be much diffraction, but “shadowing” instead. 

71. The frequency is 880 Hz and the phase velocity is 440 m/s, so the wavelength is 
, v 440m/s „ „ 

/ 880 Hz 

(a) Use the ratio of distance to wavelength to define the phase difference. 

x 71 1 6 A 0.50m 

— = — y x — — = 

A 2 n 12 


0.042 m 


12 

(b) Use the ratio of time to period to define the phase difference. 

<P 


j = 0 = -^- = 27Ttf = 2;r(l.0xl0~ 4 s)(880Hz) 


0.55 rad 
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12 . 


The frequency at which the water is being shaken is about 1 Hz. The sloshing coffee is in a standing 
wave mode, with antinodes at each edge of the cup. The cup diameter is thus a half-wavelength, or 
A = 1 6 cm. The wave speed can be calculated from the frequency and the wavelength. 


■ = Af = (16 cm)(l Hz) = 16 cm/s 


73 


The speed of a longitudinal wave in a solid is given by Eq. 15-3, v = yjE/p. Let the density of the 
less dense material be p } , and the density of the more dense material be p 2 . The less dense material 
will have the higher speed, since the speed is inversely proportional to the square root of the density. 


Vi = yj E /Pi 

v 2 Je[p 2 



VT5 - 


1.6 


74. From Eq. 15-7, if the speed, medium density, and frequency of the two waves are the same, then the 
intensity is proportional to the square of the amplitude. 


The more energetic wave has the larger amplitude. 


/,//. =PjP,= 4 /4 = 2.5 -» A, /A = VT5 = 1.6 


75. (a) The amplitude is half the peak-to-peak distance, so 0.05 m 

(. b ) The maximum kinetic energy of a particle in simple harmonic motion is the total energy, which 
is given by E umI =\kA 2 . 

Compare the two kinetic energy maxima. 


K, 


K, 


M 

\kA; 


^4 V 
\ A u 


f 0.075 m V 
v 0.05 m j 


2.25 


76. 


nv 


FromEq. 1 5-1 7b, / = — , we 
4 Jn 2 L 


see that the frequency is proportional to the 


wave speed on the 


stretched string. From Eq. 15-2, v = yj F T /p , we see that the wave speed is 
square root of the tension. Thus the frequency is proportional to the square 



F T1 = 0.938 F T1 


Thus the tension should be 


proportional to the 
root of the tension. 


77. 


We assume that the earthquake wave is moving the ground vertically, since it is a transverse wave. 
An object sitting on the ground will then be moving with SHM, due to the two forces on it - the 
normal force upwards from the ground and the weight downwards due to gravity. If the object loses 
contact with the ground, then the normal force will be zero, and the only force on the object will be 
its weight. If the only force is the weight, then the object will have an acceleration of g downwards. 
Thus the limiting condition for beginning to lose contact with the ground is when the maximum 
acceleration caused by the wave is greater than g. Any larger downward acceleration and the ground 
would “fall” quicker than the object. The maximum acceleration is related to the amplitude and the 
frequency as follows. 


= or A > g 


j > 2L_ = K 

of 4 n 2 f 


9. 80 m/s 2 
4^ 2 (0.60 Hz) 2 


0.69 m 
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78. (a) 


(b) 


The speed of the wave at a point h above the lower end depends on the tension at that point and 
the linear mass density of the cord. The tension must equal the mass of the lower segment if the 
lower segment is in equilibrium. Use Eq. 15-2 for the wave speed. 


F J = ^segment# = -™g ; V = . 


[/ 


mg 

m 

1 


yfhg 


We treat h as a variable, measured from the bottom of the cord. The wave speed at that point is 
given above as v = yfhg. The distance a wave would travel up the cord during a time dt is then 

dh = vdt = ^fhg dt. To find the total time for a wave to travel up the cord, integrate over the 
length of the cord. 


dh = vdt = -yjhgdt — > dt = 


dh 

yfhg 


1 H 


dh 

sfhg 



79 


(a) 


The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH15.XLS,” on 
tab “Problem 15.79.” 



(b) The wave function is found by replacing x in the pulse by x - vt. 

4.0 m 3 

x-(2.4m/s)t]" +2.0m 2 

(c) The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_1SM_CH15.XLS,” on 
tab “Problem 15.79.” 


t = 1.0 sec, moving right 



x (m) 


Z)(x,t) 
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( d) The wave function is found by 
replacing x in the pulse by 
x + vt. The spreadsheet used 
for this problem can be found 
on the Media Manager, with 
filename 


“PSE4_ISM_CH15.XLS,” on 
tab “Problem 15.79.” 




80. (a) The frequency is related to the tension by Eqs. 15-1 and 15-2. 

, v = I K ^ pL = _L± fK = JL 

A A]j ji dF T 2A \ juF t 2F t A ]j ju 2F T 



1 F 

( c ) The only change in the expression — — as the overtone changes is the wavelength, and the 

A \! // 

wavelength does not influence the final result. So yes, the formula still applies. 


81. (a) 


( b ) 


(c) 


id) 


The overtones are given by f n =nf x ,n — 2, 3, 4 . . . 

G: f 2 = 2(392 Hz) = 1 784 Hz | / 3 = 3(392 Hz) = 1176Hz « |l 180 Hz 

B: f 2 = 2 (494 Hz) = |988 Hz | f 3 = 3(440 Hz) = 1482Hz « |l480 Hz 

If the two strings have the same length, they have the same wavelength. The frequency 
difference is then due to a difference in wave speed caused by different masses for the strings. 

/g _ v g/ A _ v a _ \ m J £ _ IK m G = f AY J 494 Y-^ 

/a v a I A v a F t i m G m A [faj V392 ) 

\ m J £ 


If the two strings have the same mass per unit length and the same tension, then the wave speed 
on both strings is the same. The frequency difference is then due to a difference in wavelength. 
For the fundamental, the wavelength is twice the length of the string. 


/g = vMq = K = 2/ b l SL = f ]L 

f B v/; i B a g 2/ g / b / g 



If the two strings have the same length, they have the same wavelength. The frequency 
difference is then due to a difference in wave speed caused by different tensions for the strings. 
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/ B _ V B /^ _ V B 

/a v a/^ v a 


F 


m L 


'F„ 


ml L 



F 


F t 



UJ 


^392 V 

v 494y 


0.630 


82. Relative to the fixed needle position, the ripples are moving with a linear velocity given by 


v = 


4 rev A 

33 

V min y 


lrnin 
60 s ) 


2^(0.108 m) 


1 rev 


= 0.3732 m/s 


This speed is the speed of the ripple waves moving past the needle. The frequency of the waves is 
v 0.3732 m/s 

/ = - = = 240.77 Hz 

A 1.55xl0" 3 m 


240 Hz 


83. 


The speed of the pulses is found from the tension and mass per unit length of the wire. 



255N 


0.152kg/l0.0m 


129.52 m/s 


The total distance traveled by the two pulses will be the length of the wire. The second pulse has a 
shorter time of travel than the first pulse, by 20.0 ms. 

£ = d l +d 2 =vt l + vt 2 = vt { + v(t x _ 2.00x10 2 ) 


/ + 2.00x10 -2 v ( 10.0 m) + 2.00 xl0~ 2 (129.52 m/s) 2 

t = = - = 4.8604 xl0 _2 s 

2v 2(l29.52m/s) 

d x =vt l =(l29.52m/s)(4.8604xl0 _2 s) = 6.30m 


The two pulses meet 


6.30 m 


from the end where the first pulse originated. 


.... co A 

84. We take the wave function to be D [x, t ) = Jsin [he - cot ) . The wave speed is given by v = — = — . 

k f 
dD 

while the speed of particles on the cord is given by — . 

dt 


dD 

dt 


= -coAcos[kx - cot ) 


4 dD A 


V dt J 


= co A 


A M 

coA = v = — 
k 


A _ 1 _ A _ 10.0cm 
k In In 


1.59 cm 


85 


For a resonant 
condition, the free 
end of the string 
will be an 
antinode, and the 
fixed end of the 
string will be a 
node. The 
minimum distance 

from a node to an antinode is Aj 4. Other wave patterns that fit the boundary conditions of a node at 
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one end and an antinode at the other end include 3/1/4 , 5/1/ 4 , . See the diagrams. The general 

relationship is £ = (in - \) A/ 4 , n - 1, 2, 3, • • • . Solving for the wavelength gives 

4/ 

A = ,n = 1, 2, 3, • • • . 

In - 1 


86. The addition of the support will force the bridge to have its lowest mode of oscillation to have a node 
at the center of the span, which would be the first overtone of the fundamental frequency. If the 
wave sp eed in the bridge material remains constant, then the resonant frequency will double, to 
6.0 Hz . Since earthquakes don’t do significant shaking at that frequency, the modifications would be 


effective at keeping the bridge from having large oscillations during an earthquake. 


87. From the figure, we can see that the amplitude is 3.5 cm, and the wavelength is 20 cm. The 
maximum of the wave at x = 0 has moved to x = 12 cm at t = 0.80 s, which is used to find the 
velocity. The wave is moving to the right. Finally, since the displacement is a maximum at x = 0 
and t = 0, we can use a cosine function without a phase angle. 


A = 3.5 cm; A = 20 cm — > 


k = — = O.lO^cm 

A 


12 cm , . 

v = = 15cm/s; co = vk = \.5n rad/s 

0.80s 


D(x,t ) = Acos(kx - cot) = (3.5cm)cos(0.10;rx-1.5;zt),x in cm, t ins 


88. From the given data, A = 0.50m and v = 2.5m/4.0s = 0.625 m/s. We use Eq. 15-6 for the average 
power, with the density of sea water from Table 13-1. We estimate the area of the chest as 
(0.30mf . Answers may vary according to the approximation used for the area of the chest. 


P = In 2 pSvf 2 Ac = In 2 (l025kg/m 3 ) (0.30m) 2 (0.625 m/s) (0.25Hz) 2 (0.50m) 2 


18 W 


89. The unusual decrease of water corresponds to a trough in Figure 15-4. The crest or peak of the wave 
is then one-half wavelength from the shore. The peak is 107.5 km away, traveling at 550 km/hr. 


A x = vt — » 


t ^ 
v 


y(215km) ( 60 min ' 


550 km/hr 


lhr 


= 11.7 min = 


12 min 


90. At t = 1 .0 s, the leading edge of 
each wave is 1.0 cm from the 
other wave. They have not yet 
interfered. The leading edge of 
the wider wave is at 22 cm, and 
the leading edge of the narrower 
wave is at 23 cm. 
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At t = 2.0 s, the waves are 
overlapping. The diagram uses 
dashed lines to show the parts of 
the original waves that are 
undergoing interference. 



At t = 3.0 s, the waves have 
“passed through” each other, 
and are no longer interfering. 



91. Because the radiation is uniform, the same energy must pass through every spherical surface, which 
has the surface area An r 2 . Thus the intensity must decrease as l/ r ~ . Since the intensity is 
proportional to the square of the amplitude, the amplitude will decrease as l/r . The radial motion 


will be sinusoidal, and so we have D = 


'A' 


\rj 


sm 


( kr-cot ). 


92. The wavelength is to be 1.0 m. Use Eq. 15-1. 

v 344 m/s 


v = fA 


f -r 


1.0m 


340 Hz 


There will be significant di ffraction only for w avelengths larger than the width of the window, and 
so waves with frequencies lower than 340 Hz would diffract when passing through this window. 


93. The value of k was taken to be 1.0 m 1 for this problem. The peak of the wave moves to the right by 
0.50 m during each second that elapses. This can be seen qualitatively from the graph, and 


quantitatively from the spreadsheet data. Thus the wave speed is given by the constant c, 0.50 m/s 


A = nm 


. Note 


The direction of motion is in the positive x direction) . The wavelength is seen to be 

that this doesn’t agree with the relationship A = — . The period of the function sin' 6 is n , not 2 n 

k 


as is the case for sin 6 . In a similar fashion the period of this function is 


T = 2;rs 


. Note that this 
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doesn’t agree with the relationship 
2n 

kv = CO = — , again because of the 
T 

behavior of the sin 2 6 function. But 

A 

the relationship — = v is still true for 
T 

this wave function. The spreadsheet 
used for this problem can be found 
on the Media Manager, with 
filename “PSE4_1SM_CH15.XLS,” 
on tab “Problem 15.93.” 

Further insight is gained by re-writing the function using the trigonometric identity 
sin 2 6 = j - ycos20, because function cos2# has a period of n. 

94. (a) The graph shows the wave moving 

3.0 m to the right each second, which 
is the expected amount since the 
speed of the wave is 3.0 m/s and the 
form of the wave function says the 
wave is moving to the right. The 
spreadsheet used for this problem 
can be found on the Media Manager, 
with filename 

“PSE4_1SM_CH15.XLS,” on tab 
“Problem 15.94a.” 


(b) The graph shows the wave moving 
3.0 m to the left each second, which 
is the expected amount since the 
speed of the wave is 3.0 m/s and the 
form of the wave function says the 
wave is moving to the left. The 
spreadsheet used for this problem 
can be found on the Media Manager, 
with filename 

“PSE4_1SM_CH15.XLS,” on tab 
“Problem 15.94b.” 
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CHAPTER 16: Sound 


Responses to Questions 

[T] Sound exhibits diffraction, refraction, and interference effects that are characteristic of waves. Sound 
also requires a medium, a characteristic of mechanical waves. 

2. Sound can cause objects to vibrate, which is evidence that sound is a form of energy. In extreme 
cases, sound waves can even break objects. (See Figure 14-24 showing a goblet shattering from the 
sound of a trumpet.) 

3. Sound waves generated in the first cup cause the bottom of the cup to vibrate. These vibrations 
excite vibrations in the stretched string which are transmitted down the string to the second cup, 
where they cause the bottom of the second cup to vibrate, generating sound waves which are heard 
by the second child. 

4. The wavelength will change. The frequency cannot change at the boundary since the media on both 
sides of the boundary are oscillating together. If the frequency were to somehow change, there 
would be a “pile-up” of wave crests on one side of the boundary. 

5. If the speed of sound in air depended significantly on frequency, then the sounds that we hear would 
be separated in time according to frequency. For example, if a chord were played by an orchestra, we 
would hear the high notes at one time, the middle notes at another, and the lower notes at still 
another. This effect is not heard for a large range of distances, indicating that the speed of sound in 
air does not depend significantly on frequency. 

6. Helium is much less dense than air, so the speed of sound in the helium is higher than in air. The 
wavelength of the sound produced does not change, because it is determined by the length of the 
vocal cords and other properties of the resonating cavity. The frequency therefore increases, 
increasing the pitch of the voice. 

f7] The speed of sound in a medium is equal to v = yj B/ p , where B is the bulk modulus and p is the 

density of the medium. The bulk moduli of air and hydrogen are very nearly the same. The density 
of hydrogen is less than the density of air. The reduced density is the main reason why sound travels 
faster in hydrogen than in air. 

8. The intensity of a sound wave is proportional to the square of the frequency, so the higher-frequency 
tuning fork will produce more intense sound. 

9. Variations in temperature will cause changes in the speed of sound and in the length of the pipes. As 
the temperature rises, the speed of sound in air increases, increasing the resonance frequency of the 
pipes, and raising the pitch of the sound. But the pipes get slightly longer, increasing the resonance 
wavelength and decreasing the resonance frequency of the pipes and lowering the pitch. As the 
temperature decreases, the speed of sound decreases, decreasing the resonance frequency of the 
pipes, and lowering the pitch of the sound. But the pipes contract, decreasing the resonance 
wavelength and increasing the resonance frequency of the pipes and raising the pitch. These effects 
compete, but the effect of temperature change on the speed of sound dominates. 

10. A tube will have certain resonance frequencies associated with it, depending on the length of the 
tube and the temperature of the air in the tube. Sounds at frequencies far from the resonance 
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11 . 


12 . 


13. 


14. 

15. 


16. 


17. 

18. 


19 


20 . 


21 . 


frequencies will not undergo resonance and will not persist. By choosing a length for the tube that 
isn’t resonant for specific frequencies you can reduce the amplitude of those frequencies. 

As you press on frets closer to the bridge, you are generating higher frequency (and shorter 
wavelength) sounds. The difference in the wavelength of the resonant standing waves decreases as 
the wavelengths decrease, so the frets must be closer together as you move toward the bridge. 

Sound waves can diffract around obstacles such as buildings if the wavelength of the wave is large 
enough in comparison to the size of the obstacle. Higher frequency corresponds to shorter 
wavelength. When the truck is behind the building, the lower frequency (longer wavelength) waves 
bend around the building and reach you, but the higher frequency (shorter wavelength) waves do 
not. Once the truck has emerged from behind the building, all the different frequencies can reach 
you. 

Standing waves are generated by a wave and its reflection. The two waves have a constant phase 
relationship with each other. The interference depends only on where you are along the string, on 
your position in space. Beats are generated by two waves whose frequencies are close but not equal. 
The two waves have a varying phase relationship, and the interference varies with time rather than 
position. 

The points would move farther apart. A lower frequency corresponds to a longer wavelength, so the 
distance between points where destructive and constructive interference occur would increase. 

According to the principle of supeiposition, adding a wave and its inverse produces zero 
displacement of the medium. Adding a sound wave and its inverse effectively cancels out the sound 
wave and substantially reduces the sound level heard by the worker. 

(a) The closer the two component frequencies are to each other, the longer the wavelength of the 
beat. If the two frequencies are very close together, then the waves very nearly overlap, and the 
distance between a point where the waves interfere constructively and a point where they interfere 
destructively will be very large. 

No. The Doppler shift is caused by relative motion between the source and observer. 

No. The Doppler shift is caused by relative motion between the source and observer. If the wind is 
blowing, both the wavelength and the velocity of the sound will change, but the frequency of the 
sound will not. 

The child will hear the highest frequency at position C, where her speed toward the whistle is the 
greatest. 

The human ear can detect frequencies from about 20 Hz to about 20,000 Hz. One octave corresponds 
to a doubling of frequency. Beginning with 20 Hz, it takes about 10 doublings to reach 20,000 Hz. 
So, there are approximately 10 octaves in the human audible range. 

If the frequency of the sound is halved, then the ratio of the frequency of the sound as the car recedes 
to the frequency of the sound as the car approaches is equal to Vi. Substituting the appropriate 
Doppler shift equations in for the frequencies yields a speed for the car of V 3 the speed of sound. 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

504 





Chapter 16 


Sound 


Solutions to Problems 


In these solutions, we usually treat frequencies as if they are significant to the whole number of units. For 
example, 20 Hz is taken as to the nearest Hz, and 20 kHz is taken as to the nearest kHz. We also treat all 
decibel values as good to whole number of decibels. So 120 dB is good to the nearest decibel. 


0 


The round trip time for sound is 2.0 seconds, so the time for sound to travel the length of the lake is 
1.0 seconds. Use the time and the speed of sound to determine the length of the lake. 


d - vt = (343m/s)(l.O s) = 343 m = 


340 m 


2. The round trip time for sound is 2.5 seconds, so the time for sound to travel the length of the lake is 
1.25 seconds. Use the time and the speed of sound in water to determine the depth of the lake. 

d = vt = (1560 m/s) (1.25 s) = 1950 m = [ 


2 . 0 x 10 m 


x ' 20 Hz /* O A T T 

J 20 Hz 
So the range is from 1.7 cm to 17 m. 

(b) A = ^= 343 m/s 



, v 343 m/s 


17 m 

A>0kHz ^ 

1.7xl0“ 2 m 


/ 2.0x10 4 Hz 


/ 15x10 Hz 


2.3xl0~ 5 m 


4. The distance that the sounds travels is the same on both days. That distance is equal to the speed of 
sound times the elapsed time. Use the temperature-dependent relationships for the speed of sound in 
air. 

d = v l t l =v 2 t 2 [(331 + 0.6 (27)) m/s] (4.70 s) = [(331 + 0.6 (r 2 )) m/s] (5.20 s) -> 


f 2 = 


-29°C 


5. (a) The ultrasonic pulse travels at the speed of sound, and the round trip distance is twice the 

distance d to the object. 

2 d =vt . — > d . = \vt . = k(343m/s) (l.OxlOA) = |o.l7m 

min min mm 2 min 2 \ / / \ / 


(b) The measurement must take no longer than 1/15 s. Again, the round trip distance is twice the 
distance to the object. 

2d -vt — > d = \vt = j- (343 m/s) ( 77 s) = |llm 

max max max 2 max 2 \ / / \ 15 / 


(c) The distance is proportional to the speed of sound. So the percentage error in distance is the 
same as the percentage error in the speed of sound. We assume the device is calibrated to work 
at 20°C. 

A d _ Av _ y> 3 ° c — U 0 ° c _ [33 1 + 0.60 (23)] m/s -343 m/s 

d v v„„ 0 „ 


r v 2rc 343 m/s 

6 . (a) For the fish, the speed of sound in seawater must be used. 

, d 1350m 

d = vt — » t- — - 


■ = 0.005248 


0.5% 


v 1560 m/s 


0.865s 


(. b ) For the fishermen, the speed of sound in air must be used. 
d = vt 


t _d_ 1350m 


v 343 m/s 


3.94s 
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[ 7 ] The total time T is the time for the stone to fall (/ down ) plus the time for the sound to come back to 
the top of the cliff ( t up ) : T - t up + t iown . Use constant acceleration relationships for an object 
dropped from rest that falls a distance h in order to find t down , with down as the positive direction. 
Use the constant speed of sound to find t u for the sound to travel a distance h. 


down: y-y 0 + v 0 t iom + ~ at* om 


h = \§ t L 


up: h-v ,t 

i snd ui 


( h ^ 

h =\§ t Ln=\s( T -K v y =\g t — - 

V Und J 


— - -+ Ip - 2v . + T h + T v . = 0 

snd snd 


This is a quadratic equation for the height. This can be solved with the quadratic formula, but be 
sure to keep several significant digits in the calculations. 


h~ -2 (343 m/s) 


343 m/s 
9.80 m/s 2 


+ 3.0s h + ( 3.0s) 2 (343 m/s) 2 = 0 


/i 2 -(26068m)/? + 1.0588 x 10 6 m 2 =0 -> h = 26028m , 41m 
The larger root is impossible since it takes more than 3.0 sec for the rock to fall that distance, so the 
correct result is h = 41m . 

The two sound waves travel the same distance. The sound will travel faster in the concrete, and thus 
take a shorter time. 

d — v.t —v J — v „ (t. -0.75s) -> t.= — — 0.75s 

air air concrete concrete concrete V air / air 


d = v.t. = v . 


The speed of sound in concrete is obtained from Table 16-1 as 3000 m/s. 

d-( 343m/s) 3000 m/s /q.75s) = 290m 

3000 m/s - 343 m/s j 


9. The “5 second rule” says that for every 5 seconds between seeing a lightning strike and hearing the 
associated sound, the lightning is 1 mile distant. We assume that there are 5 seconds between seeing 
the lightning and hearing the sound. 

(a) At 3 0°C, the speed of sound is [33 1 + 0.60 (30)] m/s = 349 m/s . The actual distance to the 

lightning is therefore d - vt- (349 m/s) (5 s) = 1745 m. A mile is 1610 m. 

1745-1610 

% error = 

1745 

( b ) At 10°C, the speed of sound is [331 + 0.60(10)] m/s = 337 m/s . The actual distance to the 

lightning is therefore d = vt = (337m/s)(5s) = 1685 m . A mile is 1610 m. 

, 1685-1610 

% error = 

1685 
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10. The relationship between the pressure and displacement amplitudes is given by Eq. 16-5. 

A/C 3.0xl0” 3 Pa rn 

(a) A/C = 2 npvAf -> A = = 7 — r = 7.5 x 1 O' 9 m 

2 npvf 2^(l.29kg/m 3 )(331m/s)(l50Hz) 


(b) A = ^ = 3 - 0xl ° Pa 

2 npvf 2# (l. 29 kg/ m 3 ) (331 m/s) (l5x 10 3 Hz) 


= 7.5xl0" n m 


11. The pressure amplitude is found from Eq. 16-5. The density of air is 1.29 kg/ m 3 . 

(a) AP m = 2 npvAf = 2n[\.29 kg/ m 3 )(331m/s )(3.QxlO~ 10 m)(55Hz) = [4.4xlO~ 5 Pa| 

( b ) A P M = 2 npvAf = 2n[\.29 kg/ m 3 )(331m/s )(3.0xl0~ 10 m)(5500Hz) = |4.4xlQ~ 3 Pa] 

12. The pressure wave can be written as Eq. 16-4. 

(a) AP = -AP m cos(kx-cot) 

CO 1 1 0 TL rsd/ s 

A P M = 4.4xlO” 5 Pa ; c» = Inf = 2n (55 Hz) = 1 lOzr rad/s ; k - — — = 0.33^ m _1 

v 331 m/s 

A P = -(4.4xlO” 5 Pa)cos [032>nm'^x- (ll0;r rad/s) t 
(j b ) All is the same except for the amplitude and a> = Inf - 2# (5500 Hz) = 1 . 1 x 1 0 4 tt rad/s. 

A P = -(4.4xlO” 3 Pa)cos ^0.33^ m” 1 )x-(l.lxl0 4 /rrad/s)t 


The pressure wave is AP = (0.0035 Pa) sin (0.38;rm 1 )t . 

, , , [7T“1 

(a) A = — -= 5.3 m 


(b) f = 


2 n 

2 n 

k 

0.38^m”‘ 

CO 

1350^-s” 1 

2 n 

2 n 

CO 

1350^-s” 1 

k 

OAS^rm” 1 


= 675 Hz 


(d) Use Eq. 16-5 to find the displacement amplitude 
AP m = 2 npvAf -> 

AP„ _ (0.0035Pa) 


AP, 0.0035 Pa I r — i 

A = M_ — x L — i 0x 10” m 

2 npvf 2n (2300 kg/m 3 ) (3553 m/s) (675 Hz) 


14. 120 dB = 101og- 


/ 120 =10 12 / 0 = 10 12 (l.0xl0” 12 w/m 2 )= ^0W/ 


20 dB = lOlog^ 2 - -> I 20 = 10 2 / o = 10 2 (l.0xl0” 12 w/m 2 ) = |l.0xl0” 10 w/r 

c 

The pain level is 10 10 times more intense than the whisper. 
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„ / 2.0x1 O' 6 w/m 

15. /? = 101og — = 101og 


L 


1.0x1 O' 12 w/m 2 


63 dB 


16. From Figure 16-6, at 40 dB the low frequency threshold of hearing is about 70 - 80 Hz . There is 


no intersection of the threshold of hearing with the 40 dB level on the high frequency side of the 
chart, and so a 40 dB signal can be heard all the way up to the highest frequency that a human can 

hear, 


20,000 Hz 


17. (a) From Figure 16-6, at 100 Hz, the threshold of hearing (the lowest detectable intensity by the 
ear) is approximately 5 X 10~ 9 W/ m 2 . The threshold of pain is about 5 W /nr . The ratio of 

5 W/m 2 


highest to lowest intensity is thus 


5xl0 -9 W/m 2 


10 9 


( b ) At 5000 Hz, the threshold of hearing is about 10 13 w/m 2 , and the threshold of pain is about 

10 1 W/m 2 


10 1 w/m' . The ratio of highest to lowest intensity is 


10' 13 W/m 2 


10 ' 


Answers may vary due to estimation in the reading of the graph. 

18. Compare the two power output ratings using the definition of decibels. 

P 150 W 

/? = 1 0 log = 1 Olog — 

100W 


1.8 dB 


This would barely be perceptible. 


1 9. | The intensity can be found from the decibel value. 

fi = lOlog-J- -» / = 10^ /10 / 0 = 10 12 (l0~ 12 w/m 2 ) = l.OW/ 


m 


L 


Consider a square perpendicular to the direction of travel of the sound wave. The intensity is the 
energy transported by the wave across a unit area perpendicular to the direction of travel, per unit 
A E 

time. So I = , where S is the area of the square. Since the energy is “moving” with the wave, 

SAt 

the “speed” of the energy is v, the wave speed. In a time At , a volume equal to AV = SvAt would 
contain all of the energy that had been transported across the area S. Combine these relationships to 
find the energy in the volume. 


I - 


A E 
SAt 


A E = IS At = 


IAV (l.O W/m 2 )(0.010m) 3 
v 343 m/s 


2.9x10 J 


20. From Example 12-4, we see that a sound level decrease of 3 dB corresponds to a halving of intensity. 


Thus the sound level for one firecracker will be 95 dB - 3 dB = 92 dB 


2 1 . From Example 1 6-4, we see that a sound level decrease of 3 dB corresponds to a halving of intensity. 
Thus, if two engines are shut down, the intensity will be cut in half, and the sound level will be 127 
dB. Then, if one more engine is shut down, the intensity will be cut in half again, and the sound 


level will drop by 3 more dB, to a final value of 1 124 dB . 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

508 













Chapter 16 


Sound 


22. 62dB = 101og(/ Swial // Noise ) 
98dB = 101og(/ Signal // Noise ) 


— > 
— > 


(WO«= 10 “=Hi^ 

(^Signal / 1 Noise ) , 


' tape 


= 10 98 = 


6.3x10 


23. ( a ) According to Table 16-2, the intensity in normal conversation, when about 50 cm from the 
speaker, is about 3 x 1 0 6 w/m 2 . The intensity is the power output per unit area, and so the 
power output can be found. The area is that of a sphere. 


/ = - -> P-IA = / ( 4^rr 2 ) = (3x10^ w/m 2 )4;r(0.50 nr) 2 = 9.425 xlO~ 6 W = 
A 


9.4xlO~ 6 W 


f 


(b) 75 W 


1 person 
9.425 x 10^ W 


5 


= 7.96 xlO 6 


.Ox 10 6 people 


24. (a) The energy absorbed per second is the power of the wave, which is the intensity times the area. 
50 dB = 101og— -» I =10 5 I 0 = 10 5 (l.OxlO -12 w/m 2 ) = l.OxlO -7 w/m 2 


0 b ) 1J 


p = IA = (l.OxlO" 7 w/m 2 )(5.0xl0' 5 m 2 ): 
Is Y 1 yr 


5.0x10 W 


V5.0x10' 12 JA3.16x10 7 s 


6.3xl0 3 yr 


|25.| The intensity of the sound is defined to be the power per unit area. We assume that the sound 
spreads out spherically from the loudspeaker. 


(«) 7 2 5 0 = 


4 = 


250W , ■ 1.624 W/m- fl,-10kg'»-10k, , 

4/r(3.5m) 2 1 ” E 1.0xl0- ,! w/m'’ 

45W . - 0.2923W/m 2 /». . 10kg A - lOlog APPALL , 

4^(3.5m) 2 ' " / 0 l.OxlO 12 w/m 2 


122dB 


1 15dB 


( b ) According to the textbook, for a sound to be perceived as twice as loud as another means that 

the intensities need to differ by a factor of 10. That is not the case here - they differ only by a 

„ „ 1.624 

factor of ~ 6 . 


0.2598 


The expensive amp will not sound twice as loud as the cheaper one. 


26. (a) Find the intensity from the 130 dB value, and then find the power output corresponding to that 
intensity at that distance from the speaker. 

J3 = 130 dB = lOlog-^ 2 - -» / 28m = 10 l3 / 0 = 10 13 (l.OxlO -12 w/m 2 ) = lOW/r 


'm 


P-IA- Anr 2 ! = 4^(2.2m) 2 (lO w/m 2 ) = 608 W = 


610 W 


(. b ) Find the intensity from the 85 dB value, and then from the power output, find the distance 
corresponding to that intensity. 


j3 - 85dB = 101og-^- 


/ = 10 85 / 0 = 10 8 5 (1.0x10 12 w/m 2 ) = 3.16x10^ w/m 2 


P = Anri 


r = 


4^7 


608 W 


' 4^(3.16x10^/ m 2 ) 


390m 
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27. The first person is a distance of = 100 m from the explosion, while the second person is a distance 

r 2 = J~5 (100 m) from the explosion. The intensity detected away from the explosion is inversely 
proportional to the square of the distance from the explosion. 

7, r 2 V5 (l00m)T „ 7, I — 1 


100m 


= 5 ; /? = 1 0 log -/- = 1 0 log 5 = 7.0 dB 

I 't 


28. (a) The intensity is proportional to the square of the amplitude, so if the amplitude is 2.5 times 

greater, the intensity will increase by a factor of 6.25 « 6.3 . 

(b) fj = 101og7/7 0 = 10 log 6.25 = [8dB 

29. (a) The pressure amplitude is seen in Eq. 16-5 to be proportional to the displacement amplitude and 

to the frequency. Thus the higher frequency wave has the larger pressure amplitude, by a factor 


(. b ) The intensity is proportional to the square of the frequency. Thus the ratio of the intensities is 
the square of the frequency ratio. 

— L = = 6.76 * [fr8 

I f f 


30. The intensity is given by Eq. 15-7, 7 = 2n 2 vp f 2 A 2 , using the density of air and the speed of sound 
in air. 

7 =2pvJT 2 f 2 A 2 =2(1.29 kg/m 3 )(343m/s)^ 2 (380Hz) 2 (l.3xl0 _4 m) 2 = 21.31 w/m 2 

„ 7 21.31 W/m 2 — 1 

7? = lOlog — = 101og „ 1 7 , = 133dB ~ 130dB 

7 0 1.0x10 W/m' 

Note that this is above the threshold of pain. 

31. (a) We find the intensity of the sound from the decibel value, and then calculate the displacement 

amplitude from Eq. 15-7. 

/? = 1 0 log — -» 7 = 10' s/10 7 0 = 10 12 (l0~ 12 w/m 2 ) = l.OW/m 2 
I = 2n 2 vpf 2 A 2 -» 

1 

^■(330Hz) 

(. b ) The pressure amplitude can be found from Eq. 16-7. 



2 vp 


AP m =V2^7 = A2 (343 m/s) (l.29 kg/m 3 )(i.ow/ m 2 ) 




1.0 W/m' 


<2 (1.29 kg/ m 3 ) (343 m/s) 


= 3.2xl0" s m 


32. (a) We assume that there has been no appreciable absoiption in this 25 meter distance. The 

intensity is the power divide by the area of a sphere of radius 25 meters. We express the sound 
level in dB. 
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(5.0x10 5 W) 


7 = ~ ' -T ;/? = 101og-^- = 101og P = 1 0 log - 

4^r 2 I 0 Anri n 4;r(25m) (10~ 12 W/m-) 


138dB 


(. b ) We find the intensity level at the new distance, and subtract due to absoiption. 


j3 = 1 0 log 


Anri, 


■ = 1 0 log 


(5.0x10 5 w) 


4^(l000m) 2 (l0‘ 12 W/m 2 ) 


= 106 dB 


99 dB 


/? with =106dB-(l.00km)(7.0dB/km) = 

absorption 

(c) We find the intensity level at the new distance, and subtract due to absoiption. 


j3 = 1 0 log 


4 nr I, 


= 1 0 log 


(5.0x10 5 w) 


4^(7500m) 2 (l0 -12 w/m 2 ) 


= 88.5 dB 


/? with = 88.5 dB - (7.50km) (7.0 dB/km) = 

absorption 


36 dB 


33. For a closed tube, Figure 16-12 indicates that f\ = — . We assume the bass clarinet is at room 


4/ 


temperature. 


v £_ v _ 343 m/s 
1 _ 4/ ^ ” Af x ~ 4(69.3Hz) 


1.24m 


v 1 F t 

34. For a vibrating string, the frequency of the fundamental mode is given by / = — = — 

2 L 2L v ml L 


f= 


i 


2 L V m L 




F T =4Lf 2 m = 4(0.32m)(440Hz) 2 (3.5xl0^kg) 


87 N 


35. (a) If the pipe is closed at one end, only the odd harmonic frequencies are present, and are given by 


nv 

/„= — = «/> = i, 3, 5 • - - . 
4 L 

v 343 m/s 
' 4 L 4(1.24 m) 

/ 3 = 3 /i = I 


69.2 Hz 


207 Hz 

/,= 5/; = 

346 Hz 

/ 7 = 7 /> 

484 Hz 


(6) If the pipe is open at both ends, all the harmonic frequencies are present, and are given by 
nv 


/=- = J43m/s_ =138 . 3Hz 

J 1 r\ /) 


2/ 2 (1.24 m) 


138Hz 


/ 2 = 2 /,=- = 


277 Hz 


/3 = 3/i = 


3v 

2 / 


415 Hz 


/ 4 = 4 / = 


2v 

7 


553 Hz 


36. (a) The length of the tube is one-fourth of a wavelength for this (one end closed) tube, and so the 
wavelength is four times the length of the tube. 
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v 343 m/s 


410Hz 


/l 4 (0.21m) 

(. b ) If the bottle is one-third full, then the effective length of the air column is reduced to 14 cm. 
v 343 m/s 


A 4(0. 14 m) 


610 Hz 


|37.| For a pipe open at both ends, the fundamental frequency is given by f\ = — , and so the length for a 


/} K 

given fundamental frequency is / = . 

2/; 


„ _ 343 m/s 

20 Hz 2(20 Hz) 


1.6 m 


A 


343 m/s 


2(20,000 Hz) 


1.6x10 m 


38. We approximate the shell as a closed tube of length 20 cm, and calculate the fundamental frequency. 
J1 = J43m^ = 429Hz 

J A /) 


4/ 4 (0.20 m) 


430 Hz 


39. (a) We assume that the speed of waves on the guitar string does not change when the string is 

V 

fretted. The fundamental frequency is given by / = — , and so the frequency is inversely 
proportional to the length. 

/ °c — — > // = constant 


f ( no Hz/ 

f j = f j _> / =/ A = (0.73 m) 44 ^ 

f A V 2 v 440 Hz J 


= 0.5475 m 


The string should be fretted a distance 0.73 m - 0.5475 m = 0. 1825 m = 1 0. 1 8 mj from the nut 
of the guitar. 

(b) The string is fixed at both ends and is vibrating in its fundamental mode. Thus the wavelength 
is twice the length of the string (see Fig. 16-7). 


A - 2/ = 2(0.5475 m) = 1.095m » |l.l m 


(c) The frequency of the sound will be the same as that of the string, 440 Hz] . The wavelength is 
given by the following. 

^ _ v 343 m/s 


/ 440 Hz 


0.78 m 


40. (a) At T = 15°C, the speed of sound is given by v = (331 + 0.60(l5))m/s = 340 m/s (with3 


significant figures). For an open pipe, the fundamental frequency is given by / = — . 

2 / 


v „ v 340 m/s 

f = — -» / = = — = 0.649m 

2/ 2/ 2(262 Hz) 

(. b ) The frequency of the standing wave in the tube is 

length of the pipe, 1.30 m 


262 Hz 


. The wavelength is twice the 
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(c) The wavelength and frequency are the same in the air, because it is air that is resonating in the 
organ pipe. The frequency is 


262 Hz 


and the wavelength is 


1.30m 


4 1 . The speed of sound will change as the temperature changes, and that will change the frequency of 
the organ. Assume that the length of the pipe (and thus the resonant wavelength) does not change. 

fn ~ f, 0 =^ A f = f 5 . 0 -f 2: = " 


A 


A 


A 


¥ 

f 


A 


22 

A 


--1 = 


= 331 + 0 . 60 ( 5 . 0 )_ 1 __ 296xl0 - i= | 30% 
331 + 0.60(22) 


42. A flute is a tube that is open at both ends, and so the fundamental frequency is given by / = — , 

where / is the distance from the mouthpiece (antinode) to the first open side hole in the flute tube 
(antinode). 

343 m/s 


/ = — -» £ = — = ■ 

2/ 2/ 2 (349 Hz) 


0.491m 


|43.| For a tube open at both ends, all harmonics are allowed, with f n = nf \ . Thus consecutive harmonics 

differ by the fundamental frequency. The four consecutive harmonics give the following values for 
the fundamental frequency. 

f x =523 Hz -392 Hz = 131 Hz, 659 Hz - 523 Hz = 136 Hz, 784 Hz - 659 Hz = 125 Hz 
The average of these is f = |(l31Hz + 136Hz + 125Hz) ~ 131Hz. We use that for the fundamental 
frequency. 

(a) f, — — — > ( — — — - 

2/ 2/| 2 (131 Hz) 


1.31m 


(b) f n =nf l -+ » G4 = - 2.99 ; n C5 = ^% = 523Hz = 3.99 ; 


131 Hz 


Note that the bugle is coiled like a trumpet so that the full length fits in a smaller distance. 
fen 392Hz 

fx 
fts 
fx 


fx 131 Hz 


659 Hz _ 5 03 ; _ ftt . - _ 5 98 


131 Hz 


fx 131 Hz 


The harmonics are 3, 4, 5, and 6 . 


44. (a) The difference between successive overtones for this pipe is 176 Hz. The difference between 
successive overtones for an open pipe is the fundamental frequency, and each overtone is an 
integer multiple of the fundamental. Since 264 Hz is not a multiple of 176 Hz, 176 Hz cannot 
be the fundamental, and so the pipe cannot be open. Thus it must be a closed pipe. 

For a closed pipe, the successive overtones differ by twice the fundamental frequency. Thus 

176 Hz must be twice the fundamental, so the fundamental is 


(b) 


88 Hz 


This is verified since 


264 Hz is 3 times the fundamental, 440 Hz is 5 times the fundamental, and 6 1 6 Hz is 7 times the 
fundamental. 
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45. The tension and mass density of the string do not change, so the wave speed is constant. The 

1/12 • • V 

frequency ratio for two adjacent notes is to be 2 . The frequency is given by f = 


ft 


f ~ — — ^ — 

2 / / 
*/ u 


1st 

fret 


2 /, 


1st 

fret 


unfingered 


■ = 2 


1/12 /) Anflngered 65.0 Cm 

=^n- = ^T7n- = 6 l-35cm 

fret ^ ^ 


2 / 


unfingered 




1st £ £ 

£ fret unfingered ^ unfingered 


2nd 0 1/12 

fret Z 


nth 

fret 




= / 


■/.„=/ 


n.n/12 ’ nth unfingered nth unfingered 

^ fret fret 


(l - 2~" /12 ) 


x 1 = (65.0cm) (l-2 _1 12 ) = 
x 3 = (65.0 cm) (l-2~ 3 12 ) = 
x s = (65.0cm) (l - 2“ 5/12 ) = 


3.6 cm 


; x 2 = (65.0 cm) 

(l - 2~ 2/12 j 

1 = 

7. 1 cm 


10.3 cm 


16.3 cm 


; x 4 = (65.0cm) (l- 2 4,12 ) = 
; x 6 = (65.0cm) (l-2~ 6 ' 12 ) = 


13.4 cm 


19.0cm 


46. (a) The difference between successive overtones for an open pipe is the fundamental frequency. 
f =330 Hz -275 Hz = [55 Hz 


(. b ) The fundamental frequency is given by f\ = — . Solve this for the speed of sound. 


= 2ff i = 2(1.80 m)(55 Hz) = 198m/s« 2.0xl0 2 m/s 


47. The difference in frequency for two successive harmonics is 40 Hz. For an open pipe, two 

successive harmonics differ by the fundamental, so the fundamental could be 40 Hz, with 240 Hz 
being the 6 th harmonic and 280 Hz being the 7 th harmonic. For a closed pipe, two successive 
harmonics differ by twice the fundamental, so the fundamental could be 20 Hz. But the overtones of 
a closed pipe are odd multiples of the fundamental, and both overtones are even multiples of 30 Hz. 


So the pipe must be an | open pipe 


v „ v [331 + 0.60 (23.0)1 m/s 

f — — — > £ = — — 7 7 

2/ 2/ 2 (40 Hz) 


4.3m 


nv 


48. (a) The harmonics for the open pipe are f n = — . To be audible, they must be below 20 kHz. 


— <2x10 4 Hz 
2 / 


n < 


2 (2.48 m) (2 x 10 4 Hz) 


343 m/s 


= 289.2 


Since there are 289 harmonics, there are 288 overtones 


(b) 


The harmonics for the closed pipe are / = — , n odd. Again, they must be below 20 kHz. 

" 4/ 

,48m)(2xl0 4 Hz 
343 m/s 

The values of n must be odd, so n = 1, 3, 5, ..., 577. There are 289 harmonics, and so there are 
288 overtones . 


— <2x10 4 Hz 
4/ 


77 < 


4(2 


= 578.4 
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49. A tube closed at both ends will have standing waves with displacement nodes at each end, and so has 
the same harmonic structure as a string that is fastened at both ends. Thus the wavelength of the 
fundamental frequency is twice the length of the hallway, A t = 2/ = 16.0 m. 



343 m/s 
16.0m 


21.4Hz ; f 2 = 2/ = 42.8Hz 


50. To operate with the first harmonic, we see from the figure that the thickness must be half of a 

wavelength, so the wavelength is twice the thickness. The speed of sound in the quartz is given by 

v = tJg/p, analogous to Eqs. 15-3 and 15-4. 



51. The ear canal can be modeled as a closed pipe of length 2.5 cm. The resonant frequencies are given 
nv 

by f„ = — , ft odd . The first several frequencies are calculated here. 

„ nv n( 343 m/s) . , 

/ = — = — -At = n ( 3430 Hz ) , n odd 

J " 4/ 4(2.5xl0- 2 m) V ’ 

/; = 3430 Hz f 3 = 10,300 Hz f 5 = 17,200 Hz 


In the graph, the most sensitive frequency is between 3000 and 4000 Hz. This corresponds to the 
fundamental resonant frequency of the ear canal. The sensitivity decrease above 4000 Hz, but is 
seen to “flatten out” around 10,000 Hz again, indicating higher sensitivity near 10,000 Hz than at 
surrounding frequencies. This 10,000 Hz relatively sensitive region corresponds to the first overtone 
resonant frequency of the ear canal. 


52. From Eq. 15-7, the intensity is proportional to the square of the amplitude and the square of the 

A A, 

frequency. From Fig. 16-14, the relative amplitudes are — = 0.4 and — = 0.15. 

A, A, 


I = 2n 2 vpf 2 A 2 


a_i7, YUY 




A UA4 


A 2* VAX A A UJU 


= 3 2 (0.15)~ = [fr 


A_ I =101og- 2 - = 101og0.64 = -2dB ; = lOlog^- = 101og0.24 = -7dB 


53. The beat period is 2.0 seconds, so the beat frequency is the reciprocal of that, 0.50 Hz. Thus the 
other string is off in frequency by ±0.50 Hz . The beating does not tell the tuner whether the 
second string is too high or too low. 

54. The beat frequency is the difference in the two frequencies, or 277 Hz - 262 Hz = 15 Hz . If the 
frequencies are both reduced by a factor of 4, then the difference between the two frequencies will 
also be reduced by a factor of 4, and so the beat frequency will be 4(15 Hz) = 3.75 Hz = 
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55 


Since there are 4 beats/s when sounded with the 350 Hz tuning fork, the guitar string must have a 
frequency of either 346 Hz or 354 Hz. Since there are 9 beats/s when sounded with the 355 Hz 
tuning fork, the guitar string must have a frequency of either 346 Hz or 364 Hz. The common value 


is 


346 Hz . 


56. ( a ) 


(b) 


Since the sounds are initially 180° out of phase, 
another 180° of phase must be added by a path 




A 


length difference. Thus the difference of the distances from the speakers to the point of 
constructive interference must be half of a wavelength. See the diagram. 

(d -x)-x = \A -+ d = 2x + yA -+ d min = }A = — = ^ m ^ 

V ' 2/ 2 (294 Hz) 


0.583 m 


B 


This minimum distance occurs when the observer is right at one of the speakers. If the speakers 
are separated by more than 0.583 m, the location of constructive interference will be moved 
away from the speakers, along the line between the speakers. 

Since the sounds are already 180° out of phase, as long as the listener is equidistant from the 
speakers, there will be completely destructive interference. So even if the speakers have a tiny 
separation, the point midway between them will be a point of completely destructive 
interference. The minimum separation between the speakers is [§. 


57. 


Beats will be heard because the difference in the speed of sound for the two flutes will result in two 
different frequencies. 


fi = 


2 / 


/* = 


2 / 


[33 1 + 0.60 (28)] m/s 
2 (0.66m) 

[331 + 0.60 (5.0)] m/s 

2(0.66m) 


263.4 Hz 
: 253.0Hz 


A/ = 263.4 Hz -253.0 Hz = lObeats/sec 


58. (a) The microphone must be moved to the right until the difference 
in distances from the two sources is half a wavelength. See the 
diagram. We square the expression, collect terms, isolate the 
remaining square root, and square again. 




^D + x ) 2 + f--^D-x ) 2 + f-=U -> 

+ x) 2 + / 2 =}/t + \j(yD - x) 2 + / 2 -+ 

({£> + x) 2 + / 2 = \A 2 +2 (jA)^(jD-x) 2 + / 2 + ({£> - x) 2 + £ 2 


r 8 J 

D 

\ 

\ 

sX 

> 

N 

> 

/ 

■ /Si 

N !/ 

^ 


l x b— 


2Dx-±A 2 = AJ($D-x) +/ 


4 D 2 x 2 - 2 (2 Dx) jA 2 + ±A 4 = A 2 \ - x) 2 + f 

x = A. 


4D 1 x 2 - DxA 2 + jtA 4 = jD 2 A 2 - DxA 2 + x 2 A 2 + A 2 / 2 

16 4 




(| D' + f-kX) 


[4D 2 -A 2 ) 

The values are D = 3.00m, / = 3.20m, and A-vj f - (343m/s)/(494Hz) = 0.694 m. 


= (0.694 m). 


'{(3.00m) 2 + (3.20m) 2 -/.(0.694m) 2 
4(3.00m) 2 -(0.694m) 2 


0.411m 
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( b ) When th e speakers are exactly out of phase, the maxima and min ima will be interc hanged. The 
intensity maxima are 0.41 1 m to the left or right of the midpoint , and the intensity minimum is 
at the midpoint . 

59. The beat frequency is 3 beats per 2 seconds, or 1.5 Hz. We assume the strings are the same length 
and the same mass density. 

( a ) The other string must be either 220.0 Hz - 1.5 Hz = 218.5Hz or 220.0Hz + 1.5 Hz 


= |221.5 Hz] , 

( b ) Since / = — = — — L , we have / °= J~F — > — » F' = F — 

J 2t 2t in' v 1 JK M 1/ 


To change 218.5 Hz to 220.0 Hz: F' = F T 


= 1.014, 1.4% increase . 


(220 0 V 

To change 221.5 Hz to 220.0 Hz: F' = F T — = 0.9865, 1.3% decrease . 


60. (a) To find the beat frequency, calculate the frequency of each sound, and then subtract the two 
frequencies. 

/_ = \f, - f, I = r - y = (343 m/s) — J — l— = 3.821 Hz = (41b 

Aj A, 2.64 m 2.72 m 

( b ) The speed of sound is 343 m/s, and the beat frequency is 3.821 Hz. The regions of maximum 
intensity are one “beat wavelength” apart. 

, v 343 m/s i, , 

A = — = — = 89.79m = 90m (2 sig. fig.) 

/ 3.821Hz 1 


\ ( a ) Observer moving towards stationary source. 

f' = ( 1 + f = { 1 + 3Q,Qm//s l (1350 Hz) = 1 1470 Hz 

l v s „dJ l 343 m/s J 

( b ) Observer moving away from stationary source. 

( . 30.0 m/s V \ l I 


f'= 1-— /= 1 


343 m/s 


(1350 Hz) = 


62. The moving object can be treated as a moving “observer” for calculating the frequency it receives 
and reflects. The bat (the source) is stationary. 

( v , ^ 

/ */ r j object 

object J bat 

V ^snd / 

Then the object can be treated as a moving source emitting the frequency / o ' bjcct , and the bat as a 
stationary observer. 


(^snd ^ object ) 


l V S nd +V objec,J 
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= (5.00x10 4 Hz) 


343 m/s -30.0 m/s 
343 m/s + 30.0 m/s 


4.20x 10 Hz 


63. (a) For the 18 m/s relative velocity: 

/Ice =/ y 1 x = (2300 Hz)- 


1 


' source 
moving 


1- 


v 


f’ = f 

J observer J 


’ observer 
moving 


^snd J 
\ 


1 + 


v. 


V 


= (2300 Hz) 


snd J 


1 + 


18 m/s 
343 m/s 

18 m/s 
343 m/s j 


= 2427 Hz 


2430 Hz 


= 2421Hz = 


2420 Hz 


The frequency shifts are slightly different, with // iiircc > /'/ scrvcr . The two frequencies are 


source ' J observer ' 
moving moving 


close, but they are not identical. As a means of comparison, calculate the spread in frequencies 
divided by the original frequency. 

f - f 

J source «/ obs 


’ source J observer 
moving moving 


2427 Hz -2421 Hz 


f 2300 Hz 

J source 

(b) For the 160 m/s relative velocity: 

1 


= 0.0026 = 0.26% 


f = / 

J source «/ 


’ source 
moving 


f 


1 






= (2300 Hz)- 


1 


1- 


f’ = f 

J observer J 


' observer 
moving 


1 + - 


= (2300 Hz) 




1 + - 


160 m/s 
343 m/s 

160 m/s 
343 m/s 


= 4311Hz ; 


= 3372 Hz 


4310 Hz 


3370 Hz 


The difference in the frequency shifts is much larger this time, still with f' ourcc > f' b 
f' - f' 

J source J ob 


source ' J observer ’ 
moving moving 


' source J observer 
moving moving 


43 11 Hz -3372 Hz 


f 2300 Hz 

J source 

(c) For the 320 m/s relative velocity: 

1 


/' =/ 
J source J 


’ source 
moving 


f 


1- 


= (2300 Hz)- 


= 0.4083 = 41% 


1 


J 


320 m/s 
343 m/s 


34, 300 Hz 


f' = f 

J observer J 


* observer 
moving 


1 + 


%d ) 


1 + 


320 m/s 


343 m / s 


= 4446 Hz 


= (2300 Hz) 

The difference in the frequency shifts is quite large, still with f' omce > f' b 
f' - f' 

J source J ob 


4450 Hz 


source ' J observer 
moving moving 


’ source J observer 
moving moving 


34, 300 Hz -4446 Hz 


= 12.98 = 1300% 


f 2300 Hz 

J source 

( d) The Doppler formulas are asymmetric, with a larger shift for the moving source than for the 
moving observer, when the two are getting closer to each other. In the following derivation, 
assume v src <SC v snd , and use the binomial expansion. 
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f = f 

J source J 


1 


' source 
moving 


f v ^ 

| src 

V V snd J 


= f 


f V / 

^ src 

-1 

f V ) 

1 + -=*- 

= / 

V V snd ) 


l V snJ 


=/„; 


observer 

moving 


64. The frequency received by the stationary car is higher than the frequency emitted by the stationary 
car, by A/ = 4.5 Hz . 

/ 

J source 


/„=/ +A/ = 

obs J source «/ 


/ = A/ 

J source «/ 


' v ^ 

^ source 

V ^snd J 
\ 


— > 


snd | 

V V ) 

\ source / 


= (4.5 Hz) 


f 343 m/s _ ^ 


1 5 m/s 


98 Hz 


65. (a) The observer is stationary, and the source is moving. First the source is approaching, then the 
source is receding. 


120.0 km/h 
f' = f- 

J source J f 


f lm/s A 


3.6km/h 


= 33.33m/s 


1 


moving 

towards 


| src 

V ^snd J 


= (1280 Hz)- 


1 


/' =/- 
«/ source J 


’ source 
moving 
away 


1 + 


= (1280 Hz)- 


33.33m/s 
343 m/s 


1 


1420 Hz 


1 + 


33.33 m/s 
343 m/s 


1170 Hz 


( b ) Both the observer and the source are moving, and so use Eq. 16-11. 

= 25 m/s 


90.0km/h 

/' 
an 


f lm/s A 


v 3.6km/h j 


(v , +v. ) , . ( 343 m/s + 25 m/s) 

a absj_ _ ^ J 280 Hz)— L 

approaching J / \ \ / 


r (^snd ^obs 

receding •’ 


( V s „d- V src) 

) 


(v , + V ) 

\ snd src / 


= (1280 Hz) 


(343 m/s - 33.33 m/s) 
(343 m/s -25 m/s) 
(343 m/s + 33.33m/s) 



1520 Hz 




1080 Hz 



(c) Both the observer and the source are moving, and so again use Eq. 16-11. 


80.0km/h 


f lm/s ^ 


3.6km/h 


f. 


= /- 


police J ( \ 

car (V snd -V sr J 

approaching 


/pie =/ ( / Vsnd + V ° b \ ) = (l280 Hz) 


- (V snd +V src ) 

receding 


= 22.22 m/s 

>=(l280 Hz) (343m/s - 22 ' 22m/s ) 

(343 m/s - 33.33m/s) 

(343 m/s + 22.22 m/s) 
(343 m/s + 33.33m/s) 


1330Hz 


1240 Hz 
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66. The wall can be treated as a stationary “observer” for calculating the frequency it receives. The bat 
is flying toward the wall. 

f' - f 1 

J wall J bat f 

X V bat 

. V snd J 

Then the wall can be treated as a stationary source emitting the frequency // all , and the bat as a 
moving observer, flying toward the wall. 


f" = f' 

J bat J wall 


C v. ^ 

1 + -^ 


V 


v 


= /ba 


1 


snd J 


f v. ^ 

bat 


C v h ^ 

1 + -^ 


V 


v 


V 


v 


= / h 


snd J 


( V snd + V ba.) 
( V S nd- V ba.) 


snd J 


(3.00x10 4 Hz) 


343 m/s + 7.0 m/s 
343 m/s - 7.0 m/s 


3.13x10 Hz 


|67.| We assume that the comparison is to be made from the frame of reference of the stationary tuba. 
The stationary observers would observe a frequency from the moving tuba of 
f 75 Hz 

•J source 


f = 

J obs 


' V w 

source 


V 


V 


snd J 


1- 


v 


12.0m/s 
343 m/s 


= 78 Hz / = 78 Hz -75 Hz = 


3 Hz 


68. For the sound to be shifted up by one note, we must have f' omcc = f (2 1 12 j . 

moving 

1 


f = /- 

J source «/ 


' source 
moving 


= 


1- 


f{ 2 mi ) 


— > 


''snd J 


1- 


1 / 


~ 1/12 
2 j 


1- 


i z 


2 1/12 y 


(343 m/s) = 19.25 m/s 


^3.6km/h2 


m/s 


69.3 km/h 


69. The ocean wave has A - 44 m and v = 1 8 m/ s relative to the ocean floor. The frequency of the 

v 18 m/s 

ocean wave is then f - — - = 0.409 Hz. 

A 44 m 

(a) For the boat traveling west, the boat will encounter a Doppler shifted frequency, for an observer 
moving towards a stationary source. The speed v = 1 8 m/s represents the speed of the waves in 
the stationary medium, and so corresponds to the speed of sound in the Doppler formula. The 
time between encountering waves is the period of the Doppler shifted frequency. 




observer 

moving 


' v b A 

_|_ obs 


v 


v 


/ = 


snd J 


1 + - 


15 m/s 
18 m/s 


(0.409 Hz) = 0.750 Hz 




1 


T = — = 


1 


1.3s 


/ 0.750 Hz 

(. b ) For the boat traveling east, the boat will encounter a Doppler shifted frequency, for an observer 
moving away from a stationary source. 
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f' 

J ob 


observer 

moving 


' v b A 

| _ obs 


v 


V 


/ = 


snd J 


1- 


1 5 m/s 
18 m/s 


(0.409 Hz) = 0.0682 Hz 


— > 


1 


T = — = 


1 


/ 0.0682 Hz 


15s 


70. The Doppler effect occurs only when there is relative motion of the source and the observer along 
the line connecting them. In the first four parts of this problem, the whistle and the observer are not 
moving relative to each other and so there is no Doppler shift. The wind speed increases (or 
decreases) the velocity of the waves in the direction of the wind, as if the speed of sound were 
different, but the frequency of the waves doesn’t change. We do a detailed analysis of this claim in 
part (a). 


(a) 


The wind velocity is a movement of the medium, and so adds or subtracts from the speed of 
sound in the medium. Because the wind is blowing away from the observer, the effective speed 
of sound is v snd - v wind . The wavelength of the waves traveling towards the observer is 

A a = ( v S nd ~ Wind )/fo > where f 0 is the frequency emitted by the factory whistle. This 
wavelength approaches the observer at a relative speed of v snd - v wind . Thus the observer hears 
the frequency calculated here. 


/.=■ 


A 


= /o = 


720 Hz 


fo 


(i b ) Because the wind is blowing towards the observer, the effective speed of sound is v snd + v w 
The same kind of analysis as applied in part (a) gives that / = 720 Hz 


(c) Because the wind is blowing perpendicular to the line towards the observer, the effective speed 
of sound along that line is v snd . Since there is no relative motion of the whistle and observer, 


there will be no change in frequency, and so f c = 
(d) This is just like part (c), and so f d = 720 Hz 


720 Hz 


( e ) Because the wind is blowing toward the cyclist, the effective speed of sound is v snd + v wind . The 
wavelength traveling toward the cyclist is A e = (v snd + v wind 


the cyclist at a relative speed of v snd + v 
frequency. 


. , + V i . 

wind cycle 


)/f 0 . This wavelength approaches 
The cyclist will hear the following 


/.= 


I V + V + V 

\ snd wind cycle 


) (v + V + V 

/ \ snd wind cycle 


) /• _ (343 + 15.0 + 12.0) m/s 


/l 


(kind frvind 


) 


~fo = 


(343 + 15.0) 


(720 Hz) 


744 Hz 


if) Since the wind is not changing the speed of the sound waves moving towards the cyclist, the 
speed of sound is 343 m/s. The observer is moving towards a stationary source with a speed of 
12.0 m/s. 


r=f 

( O 

f 

= (720 Hz) 


1 V sns ) 

V 


1 + - 


12.0 m/s 
343 m/s 


745 Hz 
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71 . The maximum Doppler shift occurs when the heart has its maximum velocity. Assume that the heart 
is moving away from the original source of sound. The beats arise from the combining of the 
original 2.25 MHz frequency with the reflected signal which has been Doppler shifted. There are 
two Doppler shifts - one for the heart receiving the original signal (observer moving away from 
stationary source) and one for the detector receiving the reflected signal (source moving away from 
stationary observer). 


y ' / /• j _ neart -7 heart 

heart original J detector f 

V ^snd J | ^heart 


^heart 


j _|_ ^heart 


(^snd ^heart ) 
( V snd +V heart) 


r r* r r V snd v blood 7 r v blood ^ 

■J J original J detector J original J original / \ J original / \ 

( V s„d +V bIood) ( V s nd +V blood) 

A f / , , \ 260 Hz 7~ 

v., d = v . = ( 1 .54 x 10 3 m/s)— r = 8.9x10 m/s 

2/,.,-A/ V ; 2(2.25x10 6 Hz)-260Hz U 

If instead we had assumed that the heart was moving towards the original source of sound, we would 
A/ 

get v blood = v nd . Since the beat frequency is much smaller than the original frequency, 

^ ^original 

the A/ term in the denominator does not significantly affect the answer. 


72. (a) The angle of the shock wave front relative to the direction of motion is given by Eq. 16-12. 
sin 6 = = Vsnd =— -> 9 = sin' 1 — = [30°] (2 sig. fig.) 


(. h ) The displacement of the plane (v ob jt) from the time it 

passes overhead to the time the shock wave reaches the 

observer is shown, along with the shock wave front. From the 

displacement and height of the plane, the time is found. 

h h 

tan 9 = — » t 


v . tan 9 

obj 



6500 m 


(2.0) (3 10 m/s) tan 30° 


= 18s 


■I (a) The Mach number is the ratio of the object’s speed to the speed of sound. 


M - 


(l.5xl0 4 km/hr) 


3.6 km/ hr 


45 m/s 


= 92.59 


(. b ) Use Eq. 16-125 to find the angle. 


9 = sin 


-1 V snd • -1 1 • -1 

- ssa - = sm — = sm ■ 
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74. From Eq. 16-12, sin 6 = . 


V obj 

343 m/s 

8800 m/s 

v . . , 1560m/s 

0 b ) 6 = sin - = sm 1 

v obj 8800 m/s 


(a) 9 = sin -1 ^ = sin 

V „bj 


2 . 2 ° 


10 ° 


(2 sig. fig.) 


75. Consider one particular wave as shown in the diagram, created at the 
location of the black dot. After a time t has elapsed from the creation 
of that wave, the supersonic source has moved a distance v obj t , and the 

wave front has moved a distance v snd t . The line from the position of 

the source at time t is tangent to all of the wave fronts, showing the 
location of the shock wave. A tangent to a circle at a point is perpendicular to the radius connecting 
that point to the center, and so a right angle is formed. From the right triangle, the angle 6 can be 
defined. 

. „ v ,t v . 

sin6> = ^- = — 



76. 


(a) 


(b) 


The displacement of the plane from the time it passes 
overhead to the time the shock wave reaches the listener 
is shown, along with the shock wave front. From the 
displacement and height of the plane, the angle of the 
shock wave front relative to the direction of motion can 
be found. Then use Eq. 16-12. 


tan /9 = 
v k . 

M = — = - 


1.25 km 
2.0 km 
1 


— » 
1 


v . sin 9 sin 32° 

snd 


0 = tan 1 


1.25 

2.0 


1.9 



2.0 km 



77. 


Find the angle of the shock wave, and then find the distance the 
plane has traveled when the shock wave reaches the observer. 
Use Eq. 16-12. 


6 = sin -1 ^ = sin 


“1 snd 


obj 


2.2v_ 


= sin -1 — = 27° 

2.2 


„ 9500m „ 9500m 

tan 6 = — » D = = 18616m = 


19km 


D 


tan27 c 


D 



78. 


The minimum time between pulses would be the time for a pulse to travel from the boat to the 
maximum distance and back again. The total distance traveled by the pulse will be 150 m, at the 
speed of sound in fresh water, 1440 m/s. 


d -vt 



v 


150 m 
1440 m/s 


0.10s 
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19. Assume that only the fundamental frequency is heard. The fundamental frequency of an open pipe is 


given by / = — . 

2 L 

(«) Ao = T7 = 


343 m/s 


2 L 2(3.0 m) 


57 Hz 


/«= — = 


343 m/s 


2 L 2(2.5 m) 


69 Hz 


v 343 m/s 
/ 2.0 — TT — 


2 L 2(2.0 m) 


86 Hz 


343m/s = 114.3Hz = |110 Hz 


27 2(1.5 m) 


v 343 m/ s ,^ 1CTT 

Ao = — = — r = 171.5 Hz 


170 Hz 


27 2(1.0 m) 

(b) On a noisy day, there are a large number of component frequencies to the sounds that are being 
made - more people walking, more people talking, etc. Thus it is more likely that the 
frequencies listed above will be a component of the overall sound, and then the resonance will 
be more prominent to the hearer. If the day is quiet, there might be very little sound at the 
desired frequencies, and then the tubes will not have any standing waves in them to detect. 


80. The single mosquito creates a sound intensity of 7 0 =1x10 12 w/m 2 . Thus 100 mosquitoes will 
create a sound intensity of 100 times that of a single mosquito. 

100A 


7 = 1007 0 P - 101og : 


L 


= lOloglOO = 


20 dB 


8 1 . The two sound level values must be converted to intensities, then the intensities added, and then 
converted back to sound level. 

7 82 : 82 dB = lOlog-y 1 -» 7 82 = 10 82 7„ = 1.585xlO s 7 0 


7 89 : 89 dB = 10 logy 1 - -> 7 89 = 10 89 7 0 = 7.943 x 10 8 7 0 


Aotai = A 2 + A? = (9-528 x 10 8 ) 7 0 
9.528 x10 8 7„ 


— > 


Aotal = 101Og- 


= lOlog 6.597x10 = 89.8 dB 


90 dB 


(2 sig. fig.) 


82. The power output is found from the intensity, which is the power radiated per unit area. 
115dB = 101og — -» 7 = 10 115 7 0 = 10 115 (l.OxlO -12 w/m 2 ) = 3.162x10“’ w/r 


'm 


I n 




A AnP 


p = Anr 2 1 = An (9.00 m) 2 (3. 162 x 10 _1 w/nr ) = 


322 W 


83. Relative to the 1000 Hz output, the 15 kHz output is -12 dB. 


-12 dB = 1 0 log 


175 W 


-1.2 = log 


175 W 


1 9 P 

JQ-L2 _ J 15 kHz 

175 W 


11W 
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84. The 130 dB level is used to find the intensity, and the intensity is used to find the power. It is 
assumed that the jet airplane engine radiates equally in all directions. 

/? = 130dB = lOlog— -> / = 10 l3 / 0 = 10 13 (l.Ox 10~ 12 w/m 2 ) = l.Ox 10 1 w/m 2 
T) 

P = IA = I nr 1 = (l .0 x 10‘ w/m 2 ) n (2.0 x 1 0“ 2 ) 2 


0.013 W 


— P 125 W 

85. The gain is given by B = lOlog^ 1 = lOlog — 

P 1.0x10 W 


51dB 


86. It is desired that the sound from the speaker arrives at a listener 30 ms after the sound from the singer 

arrives. The fact that the speakers are 3.0 m behind the singer adds in a delay of ^ = 

343 m / s 


7x10 s, or about 9 ms. Thus there must be |21 ms| of delay added into the electronic circuitry. 


87. The strings are both tuned to the same frequency, and both have the same length. The mass per unit 
length is the density times the cross sectional area. The frequency is related to the tension by Eqs. 
15-1 and 15-2. 





F t = 4£~p f~nr~ 


0.77.4 mm 
0.699 mm 


1.07 


h The strings are both tuned to the same frequency, and both have the same length. The mass per unit 
length is the density times the cross sectional area. The frequency is related to the tension by Eqs. 
15-1 and 15-2. 


v _ _ F t 1 Fj 1 F t 

J ~ 2£ ,V ~ \ p ~ 2/ V p~ 2/y pnr 2 


F t = Afp fnr 2 


F . 4 f~p f~7Zr 2 p r 2 

1 acoustic ' acoustic-' acoustic ' acoustic acoustic 

f p . / 

(d t A 

P 4 o o y 1 . 

T electric • electric-' electric ' electric electric 

\ P electric J 

\ electric J 


7760 kg/m 
7990 kg/m 3 


3 A 


0.33 m 
0.25 m 


1.7 


89. (a) The wave speed on the string can be found from the length and the fundamental frequency. 


/ = — -> v = 2// = 2(0.32 m) (440 Hz) = 28 1.6 m/s « 280 m/s 


The tension is found from the wave speed and the mass per unit length 

\2 


V = 


p 

-t- -» F t =<uv 2 = (7.21 xl0~ 4 kg/m) (281.6m/s) 2 

V F 


57N 


(. b ) The length of the pipe can be found from the fundamental frequency and the speed of sound. 

. v . v 343m/s 

f = — -> / = = — = 0.1949m ; 

4/ 4/ 4(440 Hz) 


0.19m 
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( c ) The first overtone for the string is twice the fundamental. 880 Hz 


The first overtone for the open pipe is 3 times the fundamental. 1 320 Hz 


90. The apparatus is a closed tube. The water level is the closed end, and so is a node of air 
displacement. As the water level lowers, the distance from one resonance level to the next 
corresponds to the distance between adjacent nodes, which is one-half wavelength. 

A/ = jA -> A = 2A/ = 2(0. 395m-0. 125m) = 0.540 m 

v _ 343 m/s 

•A i 


A 0.540 m 


635 Hz 


|91.| The fundamental frequency of a tube closed at one end is given by f\ = — . The change in air 


4/ 

temperature will change the speed of sound, resulting in two different frequencies. 


fl o.o°c _ 4/ 


fl5. 0°C y25 0 ° c V 25.0”C 

4/ 


A/ f 30.0°C f 25.0°C fl 5.0°C 


fit>.a°c fiswc 


-1 


V V 25.0°C J 


= (349 Hz) 


331 + 0.60(30.0) _ 
331 + 0.60(25.0) 


3 Hz 


92. Call the frequencies of four strings of the violin f A ,/ B ,/ c ,/ D with f A the lowest pitch. The mass 
per unit length will be named ,u . All strings are the same length and have the same tension. For a 

v 1 [pT 

string with both ends fixed, the fundamental frequency is given by f x = — = — — . 

2 / 2 / jli 


1 F t 1 F t 
f =1.5 f -+ — — = 1.5 — ,- L 

B A 2/V^b 2/V/C 


M b = 


m a 


(1.5)' 


0.44/z a 


/ c = 1.5/ b = (1.5) 2 / a 


— — = (l-5) 2 — ^ 
2/VAc 2/ V ft A 


/d = i.Vc=(i.5)*A 44 = (i.s)Ti 

2/ \ Md 2£\ Ma 


M c = 


M d = 


M A 


(1.5) 4 
M a 

(1.5) 6 


0.20 jU A 


0.088// a 


93. The effective length of the tube is / eff = / + = 0.60m + }(0.030m) = 0.61 m. 

(2n-l)v 

Uncorrected frequencies: f n = — — , n = 1, 2, 3 . . . — » 

343 m/ s 

f t _ 4 = (2n-l) - =143 Hz, 429 Hz, 715Hz, 1000 Hz 


Corrected frequencies: 


4(0.60m) 

(in - 1) v 

f„= ~ ’ ,n = 1,2,3... -+ 


4/ 


eff 


4 =(2/*-i) 


343 m/s 
4 (0.61m) 


141 Hz, 422 Hz, 703 Hz, 984 Hz 
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94. Since the sound is loudest at points equidistant from the two sources, the two sources must be in 
phase. The difference in distance from the two sources must be an odd number of half-wavelengths 
for destructive interference. 


0.28 m = /l/2 — > /l = 0.56m / = v/A - 343m/s/0.56m = 


610Hz 


0.28m = 3zl/2 — > zl = 0.187m / = v/A = 343 m/s/0. 187m = 1840Hz (out of range) 

95. As the train approaches, the observed frequency is given by /' roach = // 


recedes, the observed frequency is given by // cede = f j 
equate them, and then solve for v train . 

, f v A ( 

/ •' i train 

app u 


' approach 

v A 

j _j_ train 


' v A 

j train 


V 


. As the train 


v 


^snd J 

Solve each expression for / , 


snd J 


' approach 


v 


V, 


= /' 

J rec 

snd J V 

(f - f \ 

\ J approach J recede / 

( f ' + f' ) 

\ J approach J recede / 


f v . ^ 

_|_ train 


V 


— > 


snd J 


= (343 m/s) 


(552 Hz -486 Hz) 
(552 Hz + 486 Hz) 


22 m/ s 


96. The Doppler shift is 3.5 Hz, and the emitted frequency from both trains is 516 Hz. Thus the 

frequency received by the conductor on the stationary train is 5 19.5 Hz. Use this to find the moving 
train’s speed. 


/' = / 


( frnd ^source / 


— > V 


1 - — 


V 


/' 


1 516 Hz 

V 519.5 Hz; 


(343 m/s) = 2.31m/s 


|97.| (a) Since both speakers are moving towards the observer at the same speed, both frequencies have 


the same Doppler shift, and the observer hears |no beats) . 

( b ) The observer will detect an increased frequency from the speaker moving towards him and a 
decreased frequency from the speaker moving away. The difference in those two frequencies 
will be the beat frequency that is heard. 

, 1 1 
J towards J 


f 

1- 

v . 1 

tram 

J away 

- j 

6 

1 + 

\ 

V 

train 





V 

V snd J 



V 

^snd ) 


f' - f' = f 

J towards J away J 


1 


f v . ^ 

J _ tram 


V 


V 


f 


1 


f V . ^ 

Y _|_ tram 


snd J 


v 


V 


= / 


snd J 


(348 Hz) 


343 m/s 


343 m/s 


(Und-Uram) (Und+Urain) 

(2 sig. fig.) 


20 Hz 


(343 m/s - lO.Om/s) (343 m/s + lO.Om/s) 

(c) Since both speakers are moving away from the obse rver at th e same speed, both frequencies 
have the same Doppler shift, and the observer hears no beats . 
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98. For each pipe, the fundamental frequency is given by / = — . Find the frequency of the shortest 

2 / 


pipe. 


v 343 m/s 
2/ 2 (2.40 m) 


= 71.46 Hz 


The longer pipe has a lower frequency. Since the beat frequency is 8.0 FIz, the frequency of the 
longer pipe must be 63.46 FIz. Use that frequency to find the length of the longer pipe, 
v „ v 343 m/s 


f = 


2 / 


— > 


/ = 


2/ 2 (63.46 Hz) 


2.70m 


99. Use Eq. 16-11, which applies when both source and observer are in motion. There will be two 

Doppler shifts in this problem - first for the emitted sound with the bat as the source and the moth as 
the observer, and then the reflected sound with the moth as the source and the bat as the observer. 


/ • f /■ ( End Fnolh 

moth -J b 


( V snd“ V bat) 


) r ,f r f ( ^snd ^bat ) 

■J bat J mi 


= L 


( End Fnolh 


) ( V snd +V ba, 


) 


( \ J bat / 
Und Uioth / ( 


Uat ) (Und Fnolh , 


= (51.35kHz) 


(343 + 5.0) (343 + 7.5) 
(343-7.5) (343-5.0) 


55.23 kHz 


100. The beats arise from the combining of the original 3.80 MHz frequency with the reflected signal 
which has been Doppler shifted. There are two Doppler shifts - one for the blood cells receiving the 
original frequency (observer moving away from stationary source) and one for the detector receiving 
the reflected frequency (source moving away from stationary observer). 

( .. \ 


f’ = f 

J blood J o 


original 




f" 

J de 


f’ 

J blo< 


■ = fo 


I ^blood 


^snd J 


original 


= /. 


0 


,) 


¥ = f 0 


original 


f" 

J de 


snd / 

| ^blood 


| ^blood 


l V snd ) 


l V snd y 

— f _ f 

( ^snd ^blood ) f 

^^blooc 

J original J original 

t.. 

\ ^ original / 


original 


v ^snd ^blood > 


(3.80xl0 6 Hz)-r- 


2 (0.32 m/s) 


(l.54x 10 3 m/s + 0.32 m/s) 


1600 Hz 


101. It is 70.0 ms from the start of one chirp to the start of the next. Since the chirp itself is 3.0 ms long, it 
is 67.0 ms from the end of a chiip to the start of the next. Thus the time for the pulse to travel to the 
moth and back again is 67.0 ms. The distance to the moth is half the distance that the sound can 
travel in 67.0 ms, since the sound must reach the moth and return during the 67.0 ms. 

d = v s J = (343m/s) /■ (67.0x1 0“ 3 s) ; 


11.5m 


102. (a) We assume that v src <SC v and use the binomial expansion. 


/■' = f- 

J source J 


1 


' source 
moving 


■ = / 


1 -- 


-f\ 


1 + - 


=/„; 


i- 


^snd J 




observer 

moving 


snd J 
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( b ) We calculate the percent error in general, and then substitute in the given relative velocity. 


r f v \ 

1 + -® 5 


% error = 


approx. - exact 
exact 


100 = 100 


/ 


V 


v 


-/ 


1 


snd J 




/ 


| src 

V V snd J 


= 100 


1 + 


k sn iJ 


V sniJ 


= -100 




= -100 


( 18.0 m/s V 


V V S nd7 


343 m/s 


-0.28% 


The negative sign indicates that the approximate value is less than the exact value. 


1Q3.| The person will hear a frequency // wards = / 


' v A 

j _|_ walk 

V 


from the speaker that they walk towards. 


The person will hear a frequency f' = / 


V K snd J 

walk 




v 


v 


from the speaker that they walk away from. 


snd J 


The beat frequency is the difference in those two frequencies. 


f' - f' = f 

J towards J away J 

( v 1 

| | walk 


f v 1 

| walk 

1 


l V snd J 


l V s „d J 


= 2 //walk. = 2 ( 282Hz ) L4m / S 
v. , 343 m/s 


2.3 Hz 


104. There will be two Doppler shifts in this problem - first for a stationary source with a moving 
“observer” (the blood cells), and then for a moving source (the blood cells) and a stationary 
“observer” (the receiver). Note that the velocity component of the blood parallel to the sound 
transmission is v blood cos 45° = ^v blood . It is that component that causes the Doppler shift. 


f' = f 

J blood J o 


blood J original 


j yj 2 blood 

V snd J 


f 

J de 


f 

J blot 


f Tv ^ 

j yj 2 blood 


4 i v h 
1 y 2 M°° d 


= /. 


V 


v 


snd J 


v 


v 


original f _1_ ^ 

^ _j_ -Jl olood 


= /„ 


snd J 


v 


v 


original 


^ ^snd yfi ^blood y 

[^snd yf2 ^blood y 


snd J 


= 4~2 


(f - f" ) 

\ J original J detector / 


If' + f ) snd 

\ -2 detector «/ original / 

Since the cells are moving away from the transmitter / receiver combination, the final frequency 
received is less than the original frequency, by 780 Hz. Thus f* . =/’...- 780 Hz. 

( -^original -^detector -di (780Hz) - 


/ ,// + r \ si 

\ J detector J original / 

= ^ (780Hz) 


(2/ — 780 Hz) 

\ J original / 


2(5.0x10 6 Hz)-780Hz 


( 1540 m/s) = 0.1 7 m/s 
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105. The apex angle is 15°, so the shock wave angle is 7.5°. The angle of the shock wave is also given by 
sin 0 = v jv , . , . 

wave / object 

sin# = v /v.. , — > v.. =v /sin# = 2.2 km/h /sin 7.5° = Il7km/h 

wave / object object wave / II / 


106. First, find the path difference in the original configuration. Then move the obstacle to the right by 
A d so that the path difference increases by jA. Note that the path difference change must be on the 
same order as the wavelength, and so Ad «:</,/ since A <sc /, d. 

= ; (A0),., = 2\/(77a IfPfp-e 


(AD),.., - ( AD).,„ = i* = (ifdl&dfAfff - /) - (2 fFAfef - /) 

= V. + 2f- +(+/) ! 

rf' + PA] 


Square the last equation above. 
4 


c/ 2 + 2 <7 Ac/ + (Ac/) 2 + (|/) 2 ] = iT 2 + 2(±A)2^d 2 + (±/) 2 +4 
We delete terms that are second order in the small quantities Ac/ and /l. 

8c/ Ac/ = 2A-^jd 2 + (y /) 2 - 


Ac/ = — Jd 2 + (//)' 
4c/ V V2 ; 


107. (a) The “singing” rod is manifesting standing waves. By holding the rod at its midpoint, it has a 
node at its midpoint, and antinodes at its ends. Thus the length of the rod is a half wavelength. 
The speed of sound in aluminum is found in Table 16-1. 
v v 5100m/s 
/l 21 1.50 m 


3400 Hz 


1.50m 


(b) The wavelength of sound in the rod is twice the length of the rod, 

(c) The wavelength of the sound in air is determined by the frequency and the speed of sound in air. 

v 343 m/s 


0.10m 


/ 3400 Hz 

108. The displacement amplitude is related to the intensity by Eq. 15-7. The intensity can be calculated 
from the decibel value. The medium is air. 


I 


P = 10 log— -> / = (l0 /?/lo )/ 0 = 10 1 °- 5 (l0^ 12 w/m 2 ) = 0.0316W/ 


m 


(a) / = Ijfvp f 2 A 2 


A = 


1 / 


0.0316 W/nT 


(*) A = —,h L 


nf\2vp tz-(8.0x10 3 Hz) ]j 2(343 m/s) (l.29 kg/m 3 ) 

I 

1 


2.4x10 m 


0.031 6 w/m 2 

5 4x 10~ 5 m 

^2 (343 m/s) (l.29 kg/m 
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CHAPTER 17: Temperature, Thermal Expansion, and the Ideal Gas Law 


Responses to Questions 

[T] 1 kg of aluminum will have more atoms. Aluminum has an atomic mass less than iron. Since each 

A1 atom is less massive than each Fe atom, there will be more A1 atoms than Fe atoms in 1 kg. 

2. Properties of materials that could be exploited in making a thermometer include: 

a. thermal expansion, both linear and volume 

b. the proportionality between temperature and pressure (for an ideal gas when volume is held 
constant) 

c. temperature dependence of resistivity 

d. frequency of emitted radiation from a heated object (blackbody radiation curve). 

(Note: resistivity and blackbody radiation are defined in Volume II.) 

3. 1C° is larger. Between the freezing and boiling points of water there are 100 Celsius degrees and 
180 Fahrenheit degrees, so the Celsius degrees must be larger. 

4. A and B have the same temperature; the temperature of C is different. 

5. No. We can only infer that the temperature of C is different from that of A and B. We cannot infer 

anything about the relationship of the temperatures of A and B. 

6. The initial length should be / 0 . However, since a is very small, the absolute value of A/ will be 
about the same whether the initial or final length is used. 

[7] Aluminum. A1 has a larger coefficient of linear expansion than Fe, and so will expand more than Fe 
when heated and will be on the outside of the curve. 

8. As the pipe changes temperature due to the presence or absence of steam it will expand and contract. 
The bend allows the pipe to increase or decrease slightly in length without applying too much stress 
to the fixed ends. 

9. Lower. Mercury has a larger coefficient of volume expansion than lead. When the temperature rises, 
mercury will expand more than lead. The density of mercury will decrease more than the density of 
lead will decrease, and so the lead will need to displace more mercury in order to balance its weight. 

10. The bimetallic strip is made of two types of metal joined together. The metal of the outside strip has 
a higher coefficient of linear expansion than that of the inside strip, so it will expand and contract 
more dramatically. If the temperature goes above the thermostat setting, the outer strip will expand 
more than the inner, causing the spiral to wind more tightly and tilt the glass vessel so that the liquid 
mercury flows away from the contact wires and the heater turns off. If the temperature goes below 
the thermostat setting, the vessel tilts back as the outer strip contracts more than the inner and the 
spiral opens, and the heater turns on. Moving the temperature setting lever changes the initial 
position of the glass vessel. For instance, if the lever is set at 50, the vessel is tilted with the mercury 
far from the contact wires. The outer strip has to shrink significantly to uncurl the spiral enough to 
tilt the vessel back. 
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11 . 


12 . 


13. 


14. 


15. 

16. 


17. 


18. 


19 


20 . 


If water is added quickly to an overheated engine, it comes into contact with the very hot metal parts 
of the engine. Some areas of the metal parts will cool off very rapidly; others will not. Some of the 
water will quickly turn to steam and will expand rapidly. The net result can be a cracked engine 
block or radiator, due to the thermal stress, and/or the emission of high temperature steam from the 
radiator. Water should always be added slowly, with the engine running. The water will mix with the 
hotter water already in the system, and will circulate through the engine, gradually cooling all parts 
at about the same rate. 

No. Whatever units are used for the initial length (/ 0 ) will be the units of the change in length 
( A/) . The ratio A// / 0 does not depend on the units used. 

When the cold thermometer is placed in the hot water, the glass part of the thermometer will expand 
first, as heat is transferred to it first. This will cause the mercury level in the thermometer to 
decrease. As heat is transferred to the mercury inside the thermometer, the mercury will expand at a 
rate greater than the glass, and the level of mercury in the thermometer will rise. 

Since Pyrex glass has a smaller coefficient of linear expansion than ordinary glass, it will expand 
less than ordinary glass when heated, making it less likely to crack from internal stresses. Pyrex 
glass is therefore more suitable for applications involving heating and cooling. An ordinary glass 
mug may expand to the point of cracking if boiling water is poured in it, whereas a Pyrex mug will 
not. 

Slow. On a hot day, the brass rod holding the pendulum will expand and lengthen, increasing the 
length and therefore the period of the pendulum, causing the clock to run slow. 

Soda is essentially water, and water (unlike most other substances) expands when it freezes. If the 
can is full while the soda is liquid, then as the soda freezes and expands, it will push on the inside 
surfaces of the can and the ends will bulge out. 

The coefficient of volume expansion is much greater for alcohol than for mercury. A given 
temperature change will therefore result in a greater change in volume for alcohol than for mercury. 
This means that smaller temperature changes can be measured with an alcohol thermometer. 

Decrease. As the temperature changes, both the aluminum sphere and the water will expand, 
decreasing in density. The coefficient of volume expansion of water is greater than that of 
aluminum, so the density of the water will decrease more than the density of the aluminum will 
decrease. Even though the sphere displaces a greater volume of water at a higher temperature, the 
weight of the water displaced ( the buoyant force) will decrease because of the greater decrease in the 
density of the water. 

Helium. If we take the atomic mass of 6.7 x lCT 27 kg and divide by the conversion factor from kg to u 

(atomic mass units), which is 1.66x10 ^kg/u, we get 4.03 u. This corresponds to the atomic mass 
of helium. 

Not really, as long as the pressure is very low. At low pressure, most gases will behave like an ideal 
gas. Some practical considerations would be the volatility of the gas and its corrosive properties. 
Light monatomic or diatomic gases are best. 
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21. Fresh water is less dense than sea water, requiring the ship to displace more water for the same 

buoyant force. (The buoyant force has to equal the weight of the ship for the ship to float.) The ship 
sat lower in the fresh water than in sea water, and was therefore more likely to be swamped by 
waves in a storm and sink. 


Solutions to Problems 


In solving these problems, the authors did not always follow the rules of significant figures rigidly. We 
tended to take quoted temperatures as correct to the number of digits shown, especially where other 
values might indicate that. 

[l] The number of atoms in a pure substance can be found by dividing the mass of the substance by the 
mass of a single atom. Take the atomic masses of gold and silver from the periodic table. 

2. 15x10" kg 


iV A (l 96.96655 u/atom) (l. 66x10 27 kg/u) 107.8682 


N 


Ag 


2. 15x10" kg 


196.96655 


= 0.548 


7V Au =0.5487V Ag 


(l07.8682u/atom)(l. 66x10 27 kg/u) 

Because a gold atom is heavier than a silver atom, there are fewer gold atoms in the given mass. 

2. The number of atoms is found by dividing the mass of the substance by the mass of a single atom. 
Take the atomic mass of copper from the periodic table. 


N r = 

Cu 


3.4xl0~ 3 kg 


(63.546 u/atom) (l. 66x10 27 kg/u) 


3 .2 x 1 0 22 atoms of Cu 


3. (a) T (°C) = f [T (°F) - 32] = f [68 - 32] = [20/C 


0 b ) T (°F) = f T (°C) + 32 = f(l900) + 32 = 3452°F - |3500°F 


4. High: r(°C)=||r(°F)-32l = f[l36-32l = |57.8°C 


Low: T(°C) = f [T(°F) - 32] = f [-129 - 32] = |-89.4°C 


5. r(°F) = 4r(°C) + 32 = -f(39.4 o C) + 32 = |l02.9°F 


Assume that the temperature and the length are linearly related. The change in temperature per unit 
length change is as follows. 

AT 100.0°C-0.0°C n/ 

= = 9.970 C /cm 

A/ 21.85 cm -11.82 cm 

Then the temperature corresponding to length L is T ( £) = 0.0°C + (/ - 1 1.82 cm) ( 9.970 C°/cm) . 


(a) T (18.70 cm) = 0.0°C + (18.70 cm -11.82 cm) ( 9.970 C°/cm) = |68.6°C 


C b ) T (14.60 cm) = 0.0°C + (14.60 cm -11.82 cm) ( 9.970 C°/cm) = |27.7°C 
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0 


Take the 300 m height to be the height in January. Then the increase in the height of the tower is 
given by Eq. 17- la. 


A/ = a£ 0 AT = (12 x 10 _6 /C°) (300 m) (25°C - 2°C) 


0.08 m 


8. When the concrete cools in the winter, it will contract, and there will be no danger of buckling. Thus 
the low temperature in the winter is not a factor in the design of the highway. But when the concrete 
warms in the summer, it will expand. A crack must be left between the slabs equal to the increase in 
length of the concrete as it heats from 15°C to 50°C. 


A/ = a/ 0 AT = (12 x 10~ 6 /c°)(l2 m) (50°C - 15°C) 


5.0 x 10 m 


9. The increase in length of the table is given by Eq. 17-la. 

A/ = a£ () AT = (0.2x10~ 6 /c°) (1.6m) (5.0C°) = |l.6xl0~ 6 m 

For steel, A/ = a£ 0 AT = (l2xl0“ 6 /c°)(l.6m) (5.0 C°) : 


9.6xl0~ 5 m 


The change for Super Invar is only A of the change for steel. 


10. The increase in length of the rod is given by Eq. 17-la. 

A/ 

A/ = a£„AT -> A T = 


or/,, 


A/ 

T=T.+ = 25°C+- 


0.010 


or/,, 


19x10 yC° 


■ = 551. 3°C « 550°C 


1 1 . The density at 4°C is p = — = — ^ — . When the water is warmed, the mass will stay the 

V 1.00 m 3 

same, but the volume will increase according to Eq. 17-2. 

AV = /3V 0 AT = (210 x 10“ 6 /C°) (l.OOm 3 ) (94°C - 4°C) = 1 .89 x 10 


-2 3 

m 


The density at the higher temperature is p = — = 


1.00xl0 3 kg 


V 1.00m 3 +1.89xl0“ 2 m 3 


981 kg/m 3 


12. We assume that all of the expansion of the water is in the thickness of the mixed layer. We also 
assume that the volume of the water can be modeled as a shell of constant radius, equal to the radius 
of the earth, and so the volume of the shell is the surface area of the shell times its thickness. 

V = 4 nR^d . Use Eq. 17-2. 

V = 4 nR\d -» AV = \nR^Ad ; AV = J3V AT = fiAnR^dAT 


4nR\Ad = (3\nR\dAT -> 

Ad = fid AT = (210xl0~ 6 /c°)(50m) (0.5°C) 


0.00525 m = 


5mm 


13.| The rivet must be cooled so that its diameter becomes the same as the diameter of the hole. 
A/ = a£ 0 AT -» T-£ lt =aL 0 (T-T n ) 

£-£ 

T = T + 2- = 20°C + 


1.870 cm- 

1.872 cm 

-69°C 

(I2xl0' 6 /C°) 

(1.872 cm)" 



a £ 0 

The temperature of “dry ice” is about -80°C, so this process will be successful. 
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14. Assume that each dimension of the plate changes according to Eq. 17- la. 

AA = A-A 0 = (/ + A/)(w + Aw) - /w = /w + /Aw + wA/ + A/Aw - /w 

= /Aw + wA/ + A/ Aw 
Neglect the very small quantity A/Aw . 


A4 = / Aw + wA/ = /(rnvAr) + w(ar/A7’) = \2 a/wAT 


15. The change in volume of the aluminum is given by the volume expansion formula, Eq. 17-2. 
AV = fiV 0 AT = (75x1(T 6 /c o )| 


( r °.75 cn/ A 


i n 


(180°C-30°C) = 


3.9 cnT 


16. Since the coefficient of volume expansion is much larger for the coolant than for the aluminum and 
the steel, the coolant will expand more than the aluminum and steel, and so coolant will overflow the 
cooling system. Use Eq. 17-2. 

^ ^coolant ^ ^aluminum ^^steel ^ :oolant ^coolant AT f3 J ] um j num /j un ^ num A7 T fff iteel^steel^^ 

= (B V - B V - B V ) AT 

\ • coolant coolant • aluminum aluminum • steel steel / 

= [(410x10‘ 6 /C°)(17L)-(75x1(T 6 /C o )(3.5L)-(35x10^/C o )( 13.5L)](12C o ) 


= 0.0748 L 


75 mL 


17. (a) The amount of water lost is the final volume of the water minus the final volume of the 

container. Also note that the original volumes of the water and the container are the same. 
V,=(K + AV) n -(V a + AV) . = AV„ n - AV , . =P wn V [ M'-P VAT 

lost \ 0 / h, 0 \ 0 /container H ? 0 container ‘ H ? 0 0 • container 0 


Ao 


V 

O _ lost 

W° y AT 


= 210x10‘ 6 /c° - 


(0.35g) 


( lmL A 


0.98324 g 


l 


(55.50 mL)(60 o C-20°C) 


5.0x10” 5 /c c 


(b) From Table 17-1, the most likely material is | copper | . 


18. ( a ) The sum of the original diameter plus the expansion must be the same for both the plug and the 
ring. 


K+A/) iron =(/ 0 + A/) 
AT = 


-» / + a / AT = /, +a / AT 

brass iron iron iron brass brass brass 


/ -/ 

brass iron 


1.753 cm - 8.743 cm 


^ronAron ~ ^sCss ( 1 2 x 1 O^/c 0 ) ( 8.743 cm) - (l9 x 10- 6 /c°) (8.753 cm) 


- -163C° = r fmal - T m itial = T Rml - 15°C ^ r fmal = -148°C = | -150°C | 


( b ) Simply switch the initial values in the above calculation. 

8.743 cm - 8.753 cm 


AT = 


/ -/. 

brass iron 


«U/, rOT - GwAass (12 x 10- 6 /c°) (8.753 cm) - (l9 x 10- 6 /c°) (8.743 cm) 
= 164C° = r fmal - T Mm = r fmal - 15°C ^ /fma, ~ 179°C « [l80^cj 


1 9.| We model the vessel as having a constant cross-sectional area A. Then a volume V 0 of fluid will 
occupy a length / 0 of the tube, given that V 0 = A/ () . Likewise V = AT . 

AV = V-V 0 = AT- A/ 0 = AA£ and AV = J3V 0 AT = j3A£ 0 AT . 
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Equate the two expressions for AV , and get AA£ = pA£ 0 AT — > A£ = p£„AT . But A/ = a£ 0 AT . 


so we see that under the conditions of the problem, a = P 


20. (a) When a substance changes temperature, its volume will change by an amount given by 
Eq. 17-2. This causes the density to change. 


M M 

A p = p f -p= - = 


M 


M 


M 


M M 


V V 0 K+AV V 0 V 0 + J3V 0 AT V 


K 


1 


0 V 


1 + /3A T 


— 1 


( 


= P 


1 


_ 1 + fiAT 
1 + /3AT 1 + /3AT 


= P 


-PAT 
1 + pAT 


If we assume that PAT 1 , then the denominator is approximately 1, so A p = -pPAT 
(. b ) The fractional change in density is 
A p _ -ppA T 

P P 


= -PAT = - (87 x 10" 6 /°c) (-55°C - 25°C) = 6.96 x 10" 


This is a 0.70% increase 


21. As the wine contracts or expands, its volume changes. We assume that the volume change can only 
occur by a corresponding change in the headspace. Note that if the volume increases, the headspace 
decreases, so their changes are of opposite signs. Use Eq. 17-2. 

(a) The temperature decreases, so the headspace should increase. 

AV - pV n AT = -nr AH -> 


AH = ■ 


pV a AT 


(420 xlO" 6 /C°) (0.750 L) 


f 10" 3 m 3 ^ 


V 


1L 


(10C°) 


nr n (0.00925 m)" 

H = 1.5 cm + 1.17 cm = 2.67 cm ~ |2.7cm 


■ = 0.0117m 


(. b ) The temperature increases, so the headspace should decrease. 


AH = - 


PV 0 AT 


(420 xlO" 6 /C°) (0.750 L) 


f 10" 3 m 3 ^ 

1L 


(-10C°) 


nr 


^ (0.00925 m)“ 


■ = -0.0117m 


H = 1.5 cm -1.17 cm = 0.33 cm = 0.3 cm 


22. (a) The original surface area of the sphere is given by A = 4 nr . The radius will expand with 

temperature according to Eq. 17-lb, r new = r(l + c/AT) . The final surface area is A new = 4 nr^ ev 
and so the change in area is AA = A new - A . 

AA = A new - A- 4 nr 2 (l + aAT) 2 - 4 nr = 4^r 2 (1 + aAT) 2 - 1] 


= 4 nr" 


+ 2aAT + a 2 (AT) 2 - 1] = 4 nr (laAT) [l + \ctAT] 


A A = Snr aAT 


If the temperature change is not large, j- aAT 1 , and so 
(. b ) Evaluate the above expression for the solid iron sphere. 

A4 = KnraAT = 8^(60.0x 10" 2 m) 2 (l2 x 10" 6 /°c) (275°C - 15°C) = 
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23. The pendulum has a period of t 0 = 2n^£ a /g at 17°C, and a period of r = 2 n-^Tfg at 28°C. Notice 
that r > r Q since / > £ 0 . With every swing of the clock, the clock face will indicate that a time r 0 
has passed, but the actual amount of time that has passed is T . Thus the clock face is “losing time” 

At 

by an amount of A z = T-T 0 every swing. The fractional loss is given by — , and the length at the 

T » 

higher temperature is given by 

Ar r-r, Inftjg-ybufljg ft-ff Jt, + - Jf fffPfff-ff 




s 


If 


If, 


If 


= Vl + oAT -1 = ^1 + (19 x10 -6 /c°)(11C°) -1 = 1.04x10"' 

Thus the amount of time lost in any time period T 0 is At = ( 1 .04 x I (T 4 ) T () . For one year, we have 
the following. 

Ar = (l.04xl(T 4 )(3.16xl0 7 s) = 3286s 


55 min 


24. The change in radius with heating does not cause a torque on the rotating wheel, and so the wheel’s 
angular momentum does not change. Also recall that for a cylindrical wheel rotating about its axis, 


the moment of inertia is I = y mr 2 . 


I 0 CO 0 y mrf O ) 0 r 0 z a > 0 

A, ~ Anal * ~ ^fmal^fmal ^ ^fmal — 


Aco - o) a / 


-co n 


■ 1 = ■ 


7 f m al 2 m >' 2 


1 = 


T = ■ 


co 


Of 


co n 


( r 0 + ( 1 0 + ocr 0 AT y (r 0 + ar () AT )‘ 


(1 + ctAT) 


-1 = 


1- l + 2«Ar + 


(oAT) 2 ) - 2aAT-(aAT f 


(l + aAT)- 


(1 + aAT)- 


= -a\T- 


2 + cxAT 
(1 + aAT) 2 


A a> 2 + aAT 

Now assume that aAT <s 1 , and so = -c/AT ~ -2aAT . Evaluate at the given values. 

co {\ + aAT) 


-2 ccAT = -2(25 x 10 _6 /c°) (75.0C 0 ) : 


-3.8x10^ 


|25.| The thermal stress must compensate for the thermal expansion. E is Young’s modulus for the 
aluminum. 


Stress = F/A = aEAT = (25 x 10~ 6 /c°) (70 x 10 9 N/nr ) (35°C - 1 8°C) = |3.0xl0 7 N/m 2 


26. (a) Since the beam cannot shrink while cooling, the tensile stress must compensate in order to keep 
the length constant. 


Stress = F/A = aEAT = ( 12 x 1 0~ 6 /c°) (200 x 10 9 N/m 2 ) (50 C°) = 1 .2 x 10 8 N/m 2 


(. b ) The ultimate tensile strength of steel (from Table 12-2) is 5x10 s N/m 2 , and so 


the ultimate strength is not exceeded . There would only be a safety factor of about 4.2. 


(c) For concrete, repeat the calculation with the expansion coefficient and elastic modulus for 
concrete. 
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Stress = F/A = aE\T = (l2 x 10~ 6 /c°) (20x 10 9 N/m 2 ) (50C°) = 1.2 x 10 7 N/m 2 


The ultimate tensile strength of concrete is 2 x 1 0" n/ m 2 , and so the concrete will fracture 


27. (a) Calculate the change in temperature needed to increase the diameter of the iron band so that it 
fits over the barrel. Assume that the barrel does not change in dimensions. 

a/ = <a t -> /-/ 0 = <(r-r 0 ) 

/-/ 

T = T+ = 20°C + 


134.122 cm- 

-134.110 cm 

27°C 

(l2xl0~ 6 /c°) 

— Z / . L t J / L — 

(134.110 cm) 



a/ 0 

(b) Since the band cannot shri nk while cooling, the thermal stress must compensate in order to keep 

the length at a constant 132. 122 cm. E is Young’s modulus for the material. 

. A/ 

Stress = Fj A = aEAT — > F = AE — = AEccAT 

'o 

= (9.4xKr 2 m)(6.5xl0~ 3 m)(l00xl0 9 N/m 2 )(l2xl0 _6 /C o )(7.457C o ) = 

28. Use the relationships T(K) = T(°C) + 273.15 and r(K) = f[r(°F) -32] + 273.15 . 


5500N 


(a) T(K) = T(°C) + 273. 15 = 66 + 273.15 = |339 K 


(b) T (K) = f [T (°F) - 32] + 273. 15 = f [92 - 32] + 273. 15 = 


306 K 


(c) T (K) = T (°C) + 273. 15 = -55 + 273. 15 = |218 K 


(d) T(K) = T(°C) + 273.15 = 5500 + 273.15 = 5773. 15K = 

29. Use the relationship that T(K) = |[7’( 0 F) - 32] + 273.15 . 

T (K) = f [f (°F) - 32] + 273.15 -» 

r(°F) = f [r(K) - 273.15] + 32 = f [0 - 273.15] + 32 = 

30. Use the relationship that T (K) = r(°C) + 273.15 . 


5800K 


-459.67°F 


(a) T( K) = r(°C) + 273.15 = 4270 K « |4300 K| ; r(K) = T(°C) + 273.15 = 


15x10 K 


AT 273 

(b) % error = — : — -xl00 = — ; — -xlOO 


T(K) T(K) 


273 

4000°C: xlOO = |7% 

4000 


273 

15xl0 6 °C: -xlOO: 

15x10 


2x10 % 


— PV 

31. Assume the gas is ideal. Since the amount of gas is constant, the value of is constant. 

T 


EL 

T, 


PV 

2 ' 2 


— > 


P. T 

P 2=K-- 

P 2 T, 



(273 + 38.0) K 
273 K 


1.35m 3 
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PV 

32. Assume the air is an ideal gas. Since the amount of air is constant, the value of is constant. 

T 


PV PV 

11 _ 2 r 2 


r ^“ = (293 K) 

i "l 


^ 40 atm 

( l ) 

v 1 atm y 



= 1465 K = 1 192°C ~ 1200°C 


33. Assume the nitrogen is an ideal gas. From Example 17-10, the volume of one mole of nitrogen gas 
at STP is 22.4xl0~ 3 m 3 . The mass of one mole of nitrogen, with a molecular mass of 28.0 u, is 28.0 
grams. Use these values to calculate the density of the oxygen gas. 

p- M - 28 - 0xl0_3k g 


V 22.4x10 3 m 3 


1.25 kg/ 


m 


34. (a) Assume that the helium is an ideal gas, and then use the ideal gas law to calculate the volume. 
Absolute pressure must be used, even though gauge pressure is given. 

nRT _ (14.00 mol)(8.314j/mol-K)(283.15K) 


PV = nRT 


V - ■ 


P (l.350atm)(l.013xl0 5 Pa/atm) 

(b) Since the amount of gas is not changed, the value of PV /T is constant. 


0.2410 m 


PV PV 

± V\ _ 1 2 Y 2 


P V 


T 1 =T X — — = (283.15 K) 


P V 

r i 


2.00 atm 
1.350 atm 






= 210 K = 


-63° C 


35. We ignore the weight of the stopper. Initially there is a net force (due to air pressure) on the stopper 
of 0, because the pressure is the same both above and below the stopper. With the increase in 
temperature, the pressure inside the tube will increase, and so there will be a net upward force given 
by F mt = ( If - P M ) A. The inside pressure can be expressed in terms of the inside temperature by 
means of the ideal gas law for a constant volume and constant mass of gas. 


P V.. 

in tube 


PV 

0 tube 


F =(P -P ,)A = 

net \ in out / 


T 

P =P — 

in 0 rp 

A 

f t 3 

p IdL-p 
0 „ J o 

V 1 o J 


A-P„ 


T. , 
— ^ — 1 


A 


T = 


(Al + 1 ' ! 

T — 

( 10.0 N) ( J 

( ll'XK j. 1 st vl — ASA K — 

1 °r 

U-4 > 

-'o 

( 1.013 xlO 5 Pa) (0.0075 m) 2 

l AID I v i 1 O Iv J — i J i IV — 

lOl v 


36. Assume that the nitrogen and carbon dioxide are ideal gases, and that the volume and temperature 

P RT 

are constant for the two gases. From the ideal gas law, the value of — = is constant. Also note 

n V 

that concerning the ideal gas law, the identity of the gas is unimportant, as long as the number of 

moles is considered. 

p p 
1 _ . 


P 2 = P x — = (3.85atm) 
n, 


21.6 kg CO, 


44.01 xl(T kg C0 2 /mol 


21.6 kg N, 


28.01 xl0‘ 3 kg N 2 /mol 


= (3.85 atm) 


28.01 
44.01 J 


2.45 atm 
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22.8 m 3 


37. (a) Assume the nitrogen is an ideal gas. The number of moles of nitrogen is found from the atomic 
weight, and then the ideal gas law is used to calculate the volume of the gas. 

n = (28.5 kg) lm ° leN - = 1017mol 
28.01x10 kg 

nRT (l017mol)(8.314J/mol-K)(273 K) , 

PV = nRT —> V = = ^ ^ L = 22.79 m 3 

P 1.013xl0 5 Pa 

(b) Hold the volume and temperature constant, and again use the ideal gas law. 

n = (28.5 kg + 25.0 kg) — - m °^ — = 1910mol 

28.01x10 kg 

PV - nRT -> 

nRT _ (I910mol) (8.314 j/mohK) (273 K) 


P = 


V 


22.79 m 3 


1.90x10 Pa = 1.88atm 


38. We assume that the mass of air is unchanged, and the volume of air is unchanged (since the tank is 
rigid). Use the ideal gas law. 


tUT _> t;=7;5- = [(273 + 29)K] 


^ 194atnU 


T T 
1 1 1 2 


204 atm 


= 287 K = 


14°C 


39. Assume the argon is an ideal gas. The number of moles of argon is found from the atomic weight, 
and then the ideal gas law is used to find the pressure. 

n = (105.0 kg) 1 m ° le M = 2628 mol 
39.95x10“ kg 

nRT _ (2628 mol)(8.314J/mol»k)(293.15K) 


PV = nRT -+ P = 


This is 1 660 atm. 


V 


(38.0 L)(1.00x 10“ 3 m 3 /L) 


1.69xl0 8 Pa 


40. Assume that the oxygen and helium are ideal gases, and that the volume and temperature are 

P RT 

constant for the two gases. From the ideal gas law, the value of — = is constant. Also note that 

n V 

concerning the ideal gas law, the identity of the gas is unimportant, as long as the number of moles is 
considered. Finally, gauge pressure must be changed to absolute pressure. 


P P 

1 _ 2 


n 2 = = (30.0 kg O, ) 


L 1 


1 mole 0 2 
32xl0‘ 3 kg 


(8.00 atm) 


(9.20 atm) 


= 8.152xl0 2 moles 


(8.152xl0 2 moles) 


f 4.0 x 1 0’kg ^ 
v 1 mole He j 


3.26 kg He 


41. We assume that the gas is ideal, that the amount of gas is constant, and that the volume of the gas is 
constant. 


= -+ T 2 =7;^ = [(273.15 + 20.0)K] 


T T 
± 2 


^2.00 atm ^ 
y 1.00 atm j 


= 586.3K = 313.15°C« 313°C 
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42. Assume that the air is an ideal gas. The pressure and volume are held constant. From the ideal gas 
PV 

law, the value of = nT is held constant. 

R 


nfT x = n 2 T 2 — > 


T. (273 + 38) K 311 

^ = ^ = = 1.080 

T 2 (273 + 15) K 288 


Thus 


8.0% 


must be removed. 


43. Assume the oxygen is an ideal gas. Since the amount of gas is constant, the value of PV jT is 
constant. 


PV PV 

± V\ _ 1 2 Y 2 


P,^T+ = (2 , 45atm) r«-5 L K 2 73 + 56.0)K 


v t 
' 2 1 1 


48.8 L) (273 + 18.0) K 


3.49 atm 


44. Assume the helium is an ideal gas. Since the amount of gas is constant, the value of PV/T is 

constant. We assume that since the outside air pressure decreases by 30%, the air pressure inside the 
balloon will also decrease 30%. 


PV PV 

n v 2 


T 


T 


— > 


V P T 
r 1 _ 1 2 

V~P,T. 


2 1 V 


1.0 atm 
0.68 atm 


(273 + 5.0) K 


(273 + 20.0) K 


1 .4 times the original volume 


45. Since the container can withstand a pressure difference of 0.50 atm, we find the temperature for 
which the inside pressure has dropped from 1.0 atm to 0.50 atm. We assume the mass of contained 
gas and the volume of the container are constant. 


^ = ^ T 2 =7;^ = [(273.15 + 18)K] 


T T 
± 1 ± 2 


^ 0.50 atm ' 
1.0 atm 


= 146. 6K i 


-130°C 


46. The pressure inside the bag will change to the surrounding air pressure as the volume of the bag 
changes. We assume the amount of gas and temperature of the gas are constant. Use the ideal gas 
equation. 


*2 


C 1.0 atm ' 


0.75 atm 


= 1.3 Vi 


Thus the bag has expanded by |30%|. 


47. We assume that all of the gas in this problem is at the same temperature. Use the ideal gas equation. 
First, find the initial number of moles in the tank at 34 atm, n r Then find the final number of moles 

in the ta nk at 204 atm, n 2 . The difference in those two values is the number of moles needed to add 
to the tank. 

P x V t _ (34atm)(l2L) 


TJFj = n x RT — » n l = 


P 2 V 2 = n 2 RT — » n 2 = 


RT RT 

P 2 V 2 _ (204atm)(l2L) 


RT 


RT 


"add = n 2~ >h = 


_ (!70atm)(l2L) 


RT 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

542 









Chapter 17 


Temperature, Thermal Expansion, and the Ideal Gas Law 


Use this number of moles at atmospheric pressure to find the volume of air needed to add, and then 
find the time needed to add it. 

(l70atm)(l2L) 

n ,,RT 


p mKh - RT Kid - ■ 


2040 L 


^ 1 min ^ 


290 L 


7.0 min 


RT 

latm 


= 2040 L 


48. From the ideal gas equation, we have TJFj = nRT } and P 2 V 2 = nRT 2 , since the amount of gas is 

constant. Use these relationships along with the given conditions to find the original pressure and 
temperature. 

PR = nRT t ; P/ 2 = nRT 2 -» Pft - P 2 V 2 = nRT x - nRT 2 = nR (7 ]-T 2 ) -» 
P l V l -(P l +450?a)V 2 = nR(T 1 -T 2 ) -» P x (Fj -V 2 ) -V 2 (450Pa) = n/?(9.0K) -» 
nR( 9.0 K) + V 2 (450 Pa) _ (4.0 mol) (8.314 j/mol-K) (9.0 K) + (0.018m 3 ) (450 Pa) 


P = 


V-V 


= 1.537x10 s Pa = 


1.5xl0 5 Pa 


py x (l.537xl0 5 Pa)(0.020m 3 ) 
1 nR 1 (4.0mol)(8.314j/mol-K) 


92.4 K 


0.002 m 3 


-181°C 


|49.| We calculate the density of water vapor, with a molecular mass of 18.0 grams per mole, from the 
ideal gas law. 

n P 
V RT 


PV = nRT 


0.588nf 


_ m _ Mn _MP _ (0.0180kg/mol)(l.013xl0 5 Pa) 

P V V RT (8.314j/mol-K)(373K) 

The density from Table 13-1 is 0.598 m 3 . Because this gas is very “near” a phase change state 
(water can also exist as a liquid at this temperature and pressure), we would not expect it to act like 
an ideal gas. It is reasonable to expect that the molecules will have other interactions besides purely 
elastic collisions. That is evidenced by the fact that steam can form droplets, indicating an attractive 
force between the molecules. 


50. The ideal gas law can be used to relate the volume at the surface to the submerged volume of the 
bubble. We assume the amount of gas in the bubble doesn’t change as it rises. The pressure at the 
submerged location is found from Eq. 13-6b. 

PV 


PV = nRT 


V =V 

surface submerged 


= a R - constant 


P V P V 

surface surface _ submerged submerged 


submerged 


P T 

submerged surface 

P T 

surface submerged 


_ y ^atm ^ sur f ace 

V submerged p p 

atm submerged 
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v [l.013xl0 5 + 1 

(l.OO xlO 3 kg/m 3 ) 

(9.80m/s 2 ) 

(37.0m)" 

(273. 15 + 18. 5)K 

' 1 

(l.013xl0 5 ) 

Pa 


(273.15 + 5.5) K 


4.79 cm 3 


51. At STP, 1 mole of ideal gas occupies 22.4 L. 
1 mole 


22.4 L 


6.02 x 1 0 2 ’ molecules 

f 1L ^ 

„ __ i 1 1 


2.69 xlO 25 molecules/ m 3 

v mole j 

V 10 m j 




52. We assume that the water is at 4°C so that its density is 1000 kg/ m 3 . 


1.000 L 


( 10' 3 m 3 ^ 

f 1000 kg ^ 

1 mol 

l 1L J 

1 3 

V 1 m J 

v ( 1 5.9994 + 2x1 .00794) x 1 0' 3 kg y 


55.51 mol 


55.51 mol 


6.022 x 10' molecules 


V 


53. We use Eq. 17-4. 
PV = NkT 


1 mol 


P = —kT = 
V 


3.343 x 1 O' 5 molecules 


1 molecule 

, 3 

lcm 


100cm 


m 


3h 




1.38x10' 


V 


K 


(3K) = 


4x10 Pa 


54. (a) Since the average depth of the oceans is very small compared to the radius of the Earth, the 
ocean’s volume can be calculated as that of a spherical shell with surface area 4;r/? 2 aitli and a 
thickness Ay . Then use the density of sea water to find the mass, and the molecular weight of 
water to find the number of moles. 

Volume = 0.75 ^i? 2 ^) Ay = 0.75(4^)(6.38xl0 6 m) 2 (3xl0 3 m) = 1.15X10 11 


■*18 3 

m 


1.15x10” m’fl^Y 111101 1 = 6.55x10” moles 


v m 7 ^ 18 x 10 " kg J 

(. b ) 6.55 x 10“ moles ( 6.02 xl0 23 moleeules/l mol) 


7x10" moles 


4x10 molecules 


|55.| Assume the gas is ideal at those low pressures, and use the ideal gas law. 


N P 
PV = NkT -+ — = — = 


1x10 N/m 2 


V kT (L38x10' 23 J/k)(273 K) 


= 3x10 


molecules 


m 


f 10“ 6 m A 

1 cm 3 


300 molecules/cm 3 


56. We assume an ideal gas at STP. Example 17-10 shows that the molar volume of this gas is 22.4 L. 
We calculate the actual volume of one mole of gas particles, assuming a volume of / 0 3 , and then find 
the ratio of the actual volume of the particles to the volume of the gas. 


v 1 

molecules 

[ 6. 02 x 1 0 23 molecules ) 

((3.0xl0' lo m^ 

) /molecule j 

V 

gas 

(22.4 L)( 

lxlO' 3 m 3 /lL) 



The molecules take up less than 0.1% of the volume of the gas. 
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57. We assume that the last breath Galileo took has been spread uniformly throughout the atmosphere 
since his death. Calculate the number of molecules in Galileo’s last breath, and divide it by the 
volume of the atmosphere, to get “Galileo molecules/m 3 ”. Multiply that factor times the size of a 
breath to find the number of Galileo molecules in one of our breaths. 

PV (l.01xl0 5 Pa)(2.0xl0 _3 m 3 ) 

PV = NkT -» N = = ^7 '- = 4.9 xlO 22 molecules 

kT (l. 38x10 3 J/k)(300 K) 

Atmospheric volume = 4 nPT^Ji = 47r(6.38xl0 , ’mj ( 1 .Ox 1 0 4 m) = 5.1x1 0 1 ' m 

Galileo molecules 4.9 xlO 22 molecules 


m 


5.8xl0 18 m 3 


= 9.6 xlO 3 molecules/ m 3 


# Galileo molecules „ ^ , , molecules 
— = 9.6x10 


breath 


m 


2.0x10 m 
1 breath 



( n molecules 

J 

breath 


58. Use Eq. 17-5a for the constant-volume gas thermometer to relate the boiling point to the triple point. 


T = (273.16K)- 


— » 


bp 


bp 


273.16K 


(273.15 + 100)K 
273.16K 


1.3660 


59. (a) For the constant-volume gas thermometer, we use Eq. 17-5a. 


T = ( 273. 16K) — 
P 

tP 

(b) We again use Eq. 17-5a. 


273. 16K , x 

-> P t =P = (l 87 torr) 


273.16K 


(273.15 + 444.6) K 


7 1.2 torr 


, \ P / \ 118 torr 

T = (273.16K)— = (273.16K) 

P 7 1.2 ton- 


453 K 


1 80°C 


60. From Fig. 17-17, we estimate a temperature of 373.35 K from the oxygen curve at a pressure of 268 
ton. The boiling point of water is 373.15 K. 

(a) The inaccuracy is AT = 373.35K- 373.15K = | 

(i b ) As a percentage, we have the following. 


0.20 K 


AT , . 0.20 K , , 

(100) = (100)= 0.054% 

T 373.15K 

The answers may vary due to differences in reading the graph. 


|61.| Since the volume is constant, the temperature of the gas is proportional to the pressure of the gas. 
First we calculate the two temperatures of the different amounts of gas. 

p 218 

T =(273.16K)-^ = (273.16K) = 208.21K 

1 V T, 286 

i tp 

P 128 

Z, =(273.16K)^ !L = (273.16K) = 214.51K 

P 2 tp 163 

Assume that there is a linear relationship between the melting-point temperature and the triple-point 
pressure, as shown in Fig. 17-17. The actual melting point is the v-intercept of that linear 
relationship. We use Excel to find that y- intercept. The graph is shown below. 
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We see the melting temperature is 222.85 K : 


223 K 


. The spreadsheet used for this problem can be 


found on the Media Manager, with filename “PSE4_ISM_CH17.XLS,” on tab “Problem 17.61.” 

62. Since the glass does not expand, the measuring cup will contain 350 mL of hot water. Find the 
volume of water after it cools. 


AV = V 0 J3AT = (350 mL) (210x 10~ 6 /C°) (20°C - 95°C) : 


-5.5 mL 


The volume of cool water is about 5.5 mL less than the desired volume of 350 mL. 


63. (a) At 36°C, the tape will expand from its calibration, and so will read low 

-,-4 


A/ 


o b ) — = a\T = ( 12 x 10 _6 /°c) (36°C - 15°C) = 2.52 x 10" 


2.5x10 % 


64. The net force on each side of the box will be the pressure difference between the inside and outside 
of the box, times the area of a side of the box. The outside pressure is 1 atmosphere. The ideal gas 
law is used to find the pressure inside the box, assuming that the mass of gas and the volume are 
constant. 


P nR 

— = — = constant 
T V 


P. P T. , ,(273 + 185) K 

- L = - L -+ P = L — = ( 1 .00 atm) — ^— = 1.590 atm 

T n T f (273 + 15)K 


The area of a side of the box is given by the following. 

Area = = (Volume of box)' = (6.15xl0~ 2 m 2 ) = 1.5581xl0 _1 m 2 

The net force on a side of the box is the pressure difference times the area. 

F = (A Pressure) (Area) = (0.590 atm)(l.01xl0 5 Pa)(l.5581xl0 _1 m 2 ) = 


9300N 


65. Assume the helium is an ideal gas. The volume of the cylinder is constant, and we assume that the 
temperature of the gas is also constant in the cylinder. From the ideal gas law, PV = nRT , under 
these conditions the amount of gas is proportional to the absolute pressure. 

P RT L P, «, P, 5 atm + 1 atm 6 

PV = nRT -+ — = = constant -> - 1 = -> = = = — 

n V n, it-. n, P 32 atm + 1 atm 33 


Thus 


6/33 = 0.1 82 = 20% of the original gas remains in the cylinder. 
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66. When the rod has a length t, then a small (differential) change in temperature will cause a small 
(differential) change in length according to Eq. 17- la, expressed as d£ = a/ AT. 


W y « / i y p y 

0 a ) d£ = a/ AT -» — = aAT j — = j adT ln^ = a(r 2 - 7)) 


dt 


/ 


/ 


/ 


/ 


/ 2 = 


e \ d£ } 


f — = [adT 

— ^ In — — 1 adT — > 

J / J 

f T 

/ J 

•c . T 


/ 2 = //' 


d £ r d ■{ r r 

(c) <// = a£AT -> — = aAT -> J — = J adT = J (a 0 + bT)dT 


A <// 


/ 


/ 


— » 




/ 


|67.| Assume that the air in the lungs is an ideal gas, that the amount of gas is constant, and that the 

temperature is constant. The ideal gas law then says that the value of PV is constant. The pressure 
a distance h below the surface of a fluid is given by Eq. 13-6b, P - P 0 + pgh , where P 0 is 
atmospheric pressure and p is the density of the fluid. We assume that the diver is in sea water. 


( pv ),^ = vn 


submerged 


-> v_. = V, 


p 


surface submerged 


submerged 

P . 


= V 


P ,nn + PS h 


submerged 


= (5.5L) 


1.01xl0 5 Pa + (l025kg/m 3 )(9.80m/s 2 )(8.0m) 


9.9 L 


1.01x10 Pa 

T his is obviousl y very dangerous, to have the lungs attempt to inflate to twice their volume. Thus it 
is not advisable to quickly rise to the surface. 


68. (a) Assume the pressure and amount of gas are held constant, and so P 0 V 0 = nRT 0 and P 0 V = nRT . 

From these two expressions calculate the change in volume and relate it to the change in 
temperature. 


V = V 0 +AV -» AV = V-V 0 = 


nRT nRT nR , V 

2- = — (T-T„) = - S -AT 

P P P T 

± 0 *0 *0 x 0 


But AV = J3V 0 AT , and so AF = —AT = j3V 0 AT j3 = — 

To T 0 

For T 0 = 293 K ,j3 = — = ■ 1 


3.4x10 3 /k , which agrees well with Table 17-1. 


T 0 293 K 

(/;) Assume the temperature and amount of gas are held constant, and so P 0 V 0 = nRT 0 = PV . From 
these two expressions calculate change in volume and relate it to the change in pressure. 


V = V 0 +AV -> 

nRT nRT 

AV = V-V= 2. °- = nRT„ 


fl 

n 

_ nRT o I 

( Po-P \ 

y 

' p 0 j 

p, 1 

l p J 


= K j(-ap) 


B = P 


1 1 , V 1 

But from Eq. 12-7, AV = -V 0 — AP and so AF - F 0 — (-A P) = —V 0 — A P — > 

B P B 
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69. To do this problem, the “molecular weight” of air is needed. If we approximate air as 70% N 2 
(molecular weight 28) and 30% 0 2 (molecular weight 32), then the average molecular weight is 
0.70(28) + 0.30(32) = 29.2. 

(a) Treat the air as an ideal gas. Assume that the pressure is 1.00 atm. 

PV (l.013xl0 5 Pa)(870rn) 


PV = nRT — > 77 = 


RT (8.314 j/mol*k) (293 K) 


= 3.6178x10 moles 


777 = (3. 61 78 xlO 4 moles) (29.2 xlO -3 kg/mol) = 1056.4 kg = |ll 00kg 


( b ) Find the mass of air at the lower temperature, and then subtract the mass at the higher 
temperature. 

PV (l.013xl0 5 Pa)(870m 3 ) 


77 = 


= 4.0305x10 moles 


777 = 


RT (8.314J/mol-k)(263K) 

= (4.0305 x 10 4 moles) (29.2 x 10 -3 kg/mol) = 1 176.9 kg 


The mass entering the house is 1 176.9kg - 1056.4kg = 120.5kg = 100kg 


1 


70. We are given that P °c — ^ for constant temperature and V °c T 2n for constant pressure. We also 

assume that V °c 77 for constant pressure and temperature. Combining these relationships gives the 
following. 


PV 2 =n 2 RT 413 


R = 


PV 2 


(l.00atm)(22.4L) 2 


(l.00atm)(22.4L) 2 


2 77-74 

77 T 


(1.00 mol) 2 (273. 15K) 4 3 (l.OOmol) 2 (273.15K) 4 


0.283 


Lr •atm 


mol 2 *K 43 


71. (a) The iron floats in the mercury because p > p Fe . As the substances are heated, the density of 

both substances will decrease due to volume expansion. The density of the mercury decreases 
more upon heating than the density of the iron, because J3 > j3 Fe . The net effect is that the 

densities get closer together, and s o relativ ely more mercury will have to be displaced to hold 
up the iron, and the iron will float lower in the mercury. 

Both volumes expand as heated. The 


(/;) The fraction of the volume submerged is V Hg V Fg 

displaced / 

subscript “displaced” is dropped for convenience. 

f.Ji+a.at-) 

v /V -V /V 

fractional change = Hg Fe 0 H g / oFe _ 


^(l+AeAT) F ° Hg / F ° Fe 


v V 

y 0 Hg / r 0 Fe 


v V 

r 0 Hg / r 0 Fe 


( 1 + A Ar ) , 


1 + ( 1 80 x 1 O^/c 0 ) ( 25 C° ) 1.0045 

= — ^ ^ — ^-1 = 1 = 3.6x10 


1 + (35x10‘ 6 )(25C°) 


1.000875 


% change = 


0.36% 
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72. (a) Consider the adjacent diagrams. The mercury expands due 
to the heat, as does the bulb volume. The volume of filled 
glass is equal to the volume of mercury at both temperatures. 
The value 5L is the amount the thread of mercury moves. 
The additional length of the mercury column in the tube 
multiplied by the tube cross sectional area will be equal to the 
expansion of the volume of mercury, minus the expansion of 
the volume of the glass bulb. Since the tube volume is so 
much smaller than the bulb volume we can ignore any 


Bulb volume F n 



L 0 + S L 
Bulb volume V 1 


changes in the tube dimensions and in the mercury initially in the tube volume. 


V 


AV = V 

glass 0 

AV = V bu “ 

'Hg r 0 




Original volume for glass bulb and Hg in bulb: 

Change in glass bulb volume: 

Change in Hg volume in glass bulb: 

Now find the additional volume of Hg, and use that to find the change in length of Hg in the 
tube. 


T 


{SL)xr?=\r n 

ST (A 


■AV =V 

^ r glass v 0 


/? He Ar-C‘XsAr -> 


V 

8L = — 


nr: 


4(0.275 


Hg ft glass ) 

) 


K 


Hg 

bulb 


-Afi/V 


4^bu! 

B ) = — 2- 

^ slas,; ndl 


cm 


n 


(b) 


'(l.40xl0~ 2 cm) 
The formula is quoted above: 


n{d 0 /2) 

(33.0°C - 10.5°C)[(l80- 9)xl0” s /c°] = 


Afi/V/U 


6.87 cm 


8L = 


4F„ 


nd " 


■A 


|73.| Since the pressure is force per unit area, if the pressure is multiplied by the surface area of the Earth, 
the force of the air is found. If we assume that the force of the air is due to its weight, then the mass 
of the air can be found. The number of molecules can then be found using the molecular mass of air 
(calculated in problem 71) and Avogadro’s number. 


F 

P = — 
A 


M = 


> F = PA -> Mg = P An F rarth -> 
AnR; Mh P 4;r(6.38xl0 6 m) 2 (l.01xl0 5 Pa) 


g 


9.80 m/ s~ 


= 5.27xl0 18 kg 


N = 5.27xl0 is kg 


1 mole 


^ b 6.02 x 10 23 molecules^ 1 


29xl0 _3 kg 


1 mole 


l.lxl 0 44 molecules 


74. The density is the mass divided by the volume. Let the original volume of the mass of iron be V 0 , 
the original density p o = M/F 0 . The volume of that same mass deep in the Earth is V = V 0 + AV , 
and so the density deep in the Earth is p = M / V = M /{ V n + AV ) . The change in volume is due to 
two effects: the increase in volume due to a higher temperature, AV = J3V 0 AT , and the decrease in 
volume due to a higher pressure, A E iasuic = - V 0 A P/ B . So AV = AV temp + AF pressure . The new density 
is then calculated by p - M/(V 0 + AF). 
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p = M /V = 


M 


M 


M 


M 


1 


Vo + W V Q + W tsmp + AF pressuie V 0 + PV Q AT - V 0 A P/B V 0 (l + j3\T - - A P/B) 
Po 


( 1 + J3AT-AP/B ) 


P 0 


[l + (35 xlO"Vc°) (2000C 0 ) -(5000 atm) ( 1.0 lx 10 5 Pa/atm)/(90xl0 9 N/' m 2 )] 
Po 


[1 + 0.07 -.00561] 


= 0.9395 p 


6 % decrease 


75. One mole of gas at STP occupies 22.4 L, as found in Example 17-10. We find the volume of the gas 
per particle for a mole of gas at STP. We then assume that each molecule occupies of cube of side a, 
and then solve for a as the average distance between molecules. 




22.4- 


f 


1 mol 


X 


mol A 6.02 x 1 0~ J molecules j 

\l/3 


f 10~ 3 m 3 ^ 

v “iT , 


= 3.72 x 10 26 m 3 /molecule = a 


= (3.72xl0 _26 m 2 ) ' = 


3.34x10 m 


76. We find the number of moles of helium in the balloon from the ideal gas equation. 

PV (1.06) (l.013 xlO 5 Pa) (0.220 m) 3 

PV = nRT -> n = = - — — = 1.966 mol 

RT (8.314j/mol.k)(293K) 


1.97 mol 


1.966 mol 


4.00g 
1 mol 


7.86g 


77. We assume the temperature is constant. As the oxygen pressure drops to atmospheric pressure, we 
can find the volume that it occupies at atmospheric pressure. We assume the final pressure inside the 
cylinder is atmospheric pressure. The gas would quit flowing at that pressure. 


pv = pv 

1 V\ 1 2 V 2 


p (l.38xl0 Pa + 1.013x10 Pa) 

V 2 = V. — = (14L)- = 1 92 1 L 

P 1.013x10 Pa 


14 L of that gas is not available — it is left in the container. So there is a total of 1907 L available. 

(1907 L) iAA = 794.6min : 

2 2.4 L 


79 min 


13h 


78. The gap will be the radius of the lid minus the radius of the jar. Also note that the original radii of 
the lid and the jar are the same. 

r =(r n +Ar) -(r n +Ar) =Ar.,—Ar. =(ot, —OC, )r n Ar 

gap \0 /lid \0 /jar lid jar \ brass glass/ 0 


: (l9xl0~ 6 /c°-9xl0~ 6 /c°)(4.0 cm)(60C°) 


2.4x 10 3 cm 


79 


(a) 


Assume that a mass M of gasoline with volume V 0 at 0°C is under consideration, and so its 
density is p 0 = A7 / V (l . At a temperature of 35°C, the same mass has a 
volume V -V 0 (l + J3AT ) . 
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(b) 


M _ M _ Po _ 0.68x10’ kg/m 3 

V ~ V 0 (l + J3AT) ~ 1 + J3AT ~ 1 + (950xl0“ 6 /c o )(35C°) 


660 kg/ 


m 


Calculate the percentage change in the density. 


% change = 


(0.658 1 - 0.68) xl O’ kg/m 3 
0.68 x 10’ kg/m’ V 


xlOO = -3% 


0.6581x10’ kg/ m’ 


80. (a) From Example 13-5, we have that the pressure of the atmosphere varies as P HU . = (P m ) n e cy , 

with the subscript indicating to use the value at y = 0. We assume that the 


, PoS 

where c = — — . 


helium is an ideal gas, that the helium pressure is 1.05 times the atmospheric pressure, and that 
the helium temperature is the same as the surrounding air. 


(^He)o(^He)o 


p v 

He He 


— » 


Q-OSfJ.CJ,, 1.0 SPJ^ 


— > 


T T 

± a ± \ 


(0.(0, _ C* )„«■■%, 


— > 


(K,)»_e-V a 


— > 


c = 


T 0 T { T 0 

p Q g _ (l -29 kg/m’) (9. 80 m/s 2 ) 


V = V n ^e + 


(l.013xl0 5 Pa) 


1.25xl0 _4 m _1 


(. b ) The buoyant force is the weight of the air displaced by the balloon, which would be the density 
of the air, times the volume of the balloon, times the acceleration due to gravity. The density of 
the air displaced by the balloon can be found from the ideal gas equation, applied at any 
particular location. 

F = o V e • 

buoy ' air balloon^ ’ 

P m (mol. mass) 


P V = n . RT - 


m,. 


-RT ->■ 


m 


F = o V e = 

buoy ^"air balloon o 


(mol. mass) t 
P m (mol. mass) t 


RT 


-V s = ■ 

balloon o 


RT 

PV^ 


= P* 


V. 

au 

g(mol. mass) 


( P 

1 He 

v 1 .05 


FL 


-g(mol. mass) a . r = 


RT 

"^He ^balloon maSS ) au 


' = n u 


g(mol. mass) 


RT air RT 1.05 1.05 

The final expression is constant since the number of moles of helium in the balloon is constant. 


8 1 . The change in length is to be restricted to A/ <1.0x10 6 m . 


AT = aPAT <1.0xl0~ 6 m 


AT < 


1.0x10 m 


(9xl0 _6 /C°)(l.0m) 
Thus the temperature would have to be controlled to within I ±0.1 1 C c 


<0.11C° 
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82. ( a ) Treat the air as an ideal gas. Since the amount and temperature of the air are the same in both 
cases, the ideal gas law says PV = nRT is a constant. 

P 2 V 2 =P,V I -» F 2 = ^ = (ll.3L) 18 ° atm = 2034 L • 


2030 L 


1.00 atm 

( b ) Before entering the water, the air coming out of the tank will be at 1.00 atm pressure, and so the 
person will be able to breathe 2034 L of air. 


t = 2034 L 


^ 1 breath^ 

' 1 min ' 

2.0 L J 

v 12 breaths y 


= 84.75 min = 


85 min 


(c) When the person is underwater, the temperature and pressure will be different. Use the ideal 
gas equation to relate the original tank conditions to the underwater breathing conditions. The 
amount of gas will be constant, so PV/T = nR will be constant. The pressure a distance h 
below the surface of the water is given in Eq. 13-6b, P = P 0 + pgh , where P 0 is atmospheric 
pressure and p is the density of the sea water. 

PV PV P T 

= -» V, 

r r r r z 1 p r r 

1 2 1 \ r 2 1 l 


V 2 =(11.3 L) 


180 atm| 

(l.01xl0 5 Pa/atm) 

1 

f 283 K/ 

1.01xl0 5 Pa + 1 

(1.025 xlO 3 kg/m 3 ) 

(9.80m/s 2 )(20.0 m) 

y293 K J 


= 6.572 xlO 2 L 


t = 6.572x10“ L 


1 breath 


V 


1 min 


2.0 L A 12 breaths 


= 27.38 min = 


27 mi n 


83. We will take the average radius of curvature as being the radius to the 
boundary between the two materials, and so is equal to the radius of 
the inside curve of the steel, plus the thickness of the steel. Each 
strip, when curved, subtends the same angle A 6. 


A 6* = 


/ 


— » 


4+ A/, 


/ 0 + A/ 2 


— » 






— > 


1 + °a, A7 ' 


1 + 0. AT 

brass 


Use the relationship that the radius of the inside curve of the brass is 
equal to the radius of the inside curve of the steel, plus the thickness 


of the steel, so r. - r, . + 1. 

brass steel 


r *A +t 


1 + Aee,^ 


l + o. AT 

brass 


— ^ i — 

steel 


v 1 + cl A T j 

V brass / 

0.20 cm 


( r s,eel+0 





^steel / 


1 + a br* S A T 2 
1 + Aeel Ar . 


1 + 


(l9xl0^/°c)(80C°) 
l + (l2xl0^/°c)(80C°) 


-1 


= 357.49 cm 


r = r 


+ t = 357.49 cm + 0.20cm = 357.69 cm ; 


3.6m 
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84. Consider this basic geometry for the problem, with the 

assumption that the shape of the sagging wire is an arc of a 
circle. The amount of sag is greatly exaggerated in the 
figure. A subscript of “0” will be used for the original (low 
temperature) configuration, and no subscript will be used 
for the final (high temperature) configuration. The variable 
“.S’” will be used for the amount of “sag.” Note that “L” 
refers to half the length of the sagging wire. 

(15.0m) 2 + (R 0 - s 0 ) 2 = -> 

(15.0m) 2 +s 0 2 _ (15.0m) 2 + (0.500m) 2 


/Jn 
/ N 
/e\o\ 


R 


R 


II, = 


2 s n 


2(0.500m) 


= 225.25 m 


Q = sin 1 - 6.6642 x 10 2 rad 

225.25 m 

L 0 = R 0 9 0 = (225.25 m) (6.6642 x 10~ 2 rad) = 15.01 lm 
Now let the wire expand due to heating. 

L = L 0 (l + aAT) - 15.01 lm| 1 + (l7xl0 -6 (C°)"‘ )(50C°) ) 



I = 15.024m 


sin 6* = 


15.0 


, 15.0 L 15.024 

-> 9 - sin ; 9 = — = 

R R 


R R 

These two expressions for 9 cannot be solved analytically. When solved numerically, the result is 
R = 153.42 m. Use this value to find the new “sag.” Note that we ignore s 2 since s <S.R. 


(15.0m f +(R-s) 2 =R 2 
(15.0m) 2 _ (l5.0m) ; 


— > 


(15.0m) 2 - 2Rs + s 2 = 0 ; 


2 R 2(l53.42m) 


73.3cm 


85.| We assume ideal gas behavior for the air in the lungs, and a constant temperature for the air in the 
lungs. When underwater, we assume the relaxed lung of the diver is at the same pressure as the 
surrounding water, which is given by Eq. 13-6b, P-P 0 + pgh. In order for air to flow through the 

snorkel from the atmospheric air above the water’s surface (assume to be at atmospheric pressure), 
the diver must reduce the pressure in his lungs to atmospheric pressure or below, by increasing the 
volume of the lungs. We assume that the diver is in sea water. 


P V =P V 

relaxed relaxed inhaling inhaling 


V 


— > 


inhaling 


l \ + pgh _ l | pgh 


V P P P P 

relaxed inhaling atmospheric 0 0 


AV V. 


inhaling 


■ V . 


V 


inhaling 


V , 


V_, 


relaxed relaxed 

This is a 3% increase. 


V_ 


■1 = 


pgh ( 1 025 kg/m 9.80 m/s 2 ) ( 0.30m) 


1.013x10 s Pa 


0.030 
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86 . 


Since the problem is asking to find 
the temperature for a given voltage, 
we will graph temperature vs. 
voltage. The graph is shown here. 

The spreadsheet used for this 
problem can be found on the Media 
Manager, with filename 
“PSE4_1SM_CH17.XLS,” on tab 
“Problem 17.86.” 

When a cubic equation is used to fit 
this data, this equation results. 



T = (-7.22 x 1 0“ 2 ) V 3 + ( 1 . 1 32) V 2 + (28.39) V + 7.926 


The equation assumes that the voltage is in mV and the temperature is in °C. 

7(3.21 mV) = (-7.22 x 10~ 2 ) ( 3.2lf + (l. 132) ( 3.2l) 2 + ( 28.39) ( 3.21) + 7.926 = |lQ8°C 
When a quadratic equation is used to fit this data, the following equation results. 

T = (8.996 x10“ 3 )e 2 + (33.30) V + 2.452 
The equation assumes that the voltage is in mV and the temperature is in °C. 


T (3.21mV) = (8.996x10 _3 )(3.21) 2 + (33.30) (3.21) + 2.452 = |l09°C 


87. Both the glass and the liquid expand. The expansion of the liquid would cause the volume reading to 
increase, but the expansion of the glass would cause the volume reading to decrease. So the actual 
change in reading is the difference in those two volume changes. We use the subscript for the 
liquid and “g” for the glass. We see from the data that the volume readings are increasing with 
temperature, and so the volume increase of the liquid is more than the volume increase of the glass. 

A ^reading = K - V g = V 0 (l + /3 e AT) -V 0 (\ + /SAT) = V 0 (P t - /? ) AT 
From this expression, if the graph of V vs. T is linear, it should have a slope of rn = V 0 (/?, - ) . 



The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH17.XLS,” on tab “Problem 17.87.” 
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Responses to Questions 

[T] One of the fundamental assumptions for the derivation of the ideal gas law is that the average 

separation of the gas molecules is much greater than the diameter of the molecules. This assumption 
eliminates the need to consider the different sizes of the molecules. 

2. The change in temperature when a gas is compressed or when it expands against a piston is due to 
the increase or decrease in the average speed of the molecules. The increase or decrease in speed 
comes about when the gas molecules collide elastically with the moving piston. In the case of 
compression, the piston is moving toward the molecules. The net result is an increase in the 
momentum of the gas molecules. When the gas expands, the piston is moving away from the gas 
molecules. In this case the net result of collisions between the molecules and the piston is a decrease 
in the momentum of the molecules. (See Section 9-5.) 

3. If the walls are at the same temperature as the gas, then the gas molecules will not lose (or gain) 
energy in collisions with the walls, and so it is not necessary to specify that the collisions must be 
elastic. 

4. Charles’s law states that if pressure is held constant, volume is proportional to temperature. The 
average kinetic energy of the gas molecules is also proportional to temperature. According to kinetic 
theory, pressure is proportional to the average kinetic energy of the gas molecules per unit volume. 
Therefore, if the temperature increases, the average kinetic energy also increases by the same factor. 
In order to keep the pressure constant, the volume must also increase, again by the same factor. 

5. Gay-Lussac’s law states that if volume is constant, the pressure in a gas is proportional to the 
temperature. Kinetic theory tells us that temperature and the product of pressure and volume are 
proportional to the kinetic energy of the gas molecules. If volume is held constant, then temperature 
and pressure are both proportional to the kinetic energy, and so are proportional to each other. 

6. Near the surface of the Earth, the N 2 molecules and the 0 2 molecules are all at the same temperature 
and therefore have the same average kinetic energies. Since N 2 molecules are lighter than 0 2 
molecules, the N 2 molecules will have a higher average speed, which allows them to travel higher 
(on average) in the atmosphere than the 0 2 molecules. 

[ 7 ] For an absolute vacuum, no. But for most “vacuums,” there are still a few molecules in the 
containers, and the temperature can be determined from the (very low) pressure. 

8. Temperature is a macroscopic variable, measured for a whole system. It is related to the average 
molecular kinetic energy, which is a microscopic variable. 

9. At both temperatures (3 10 K and 273 K), the lower limit for molecular speed is zero. However, the 
higher temperature gas (310 K) will have more molecules with higher speeds. Since the total number 
of molecules is the same, the higher temperature gas must have fewer molecules at the peak speed. 
(Kinetic theory predicts that the relative number of molecules with higher speeds increases with 
increasing temperature.) 

10. (a) Because the escape velocity for the Moon is 1/5 that of the Earth, molecules with lower speeds 

will be able to escape. The Moon may have started with an atmosphere, but over time most of 
the molecules of gas have escaped. 
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( b ) Hydrogen is the lightest gas. For a given kinetic energy (temperature) it has the highest speed 
and will be most likely to escape. 

11. Velocity is a vector quantity. When the velocity is averaged, the direction must be taken into 

account. Since the molecules travel in random paths, with no net displacement (the container is at 
rest), the average velocity will have to be zero. Speed is a scalar quantity, so only the (positive) 
magnitude is considered in the averaging process. The molecules are not at rest, so the average speed 
will not be zero. 


12. (a) If the pressure is doubled while the volume is held constant, the temperature also doubles. v rms is 
proportional to the square root of temperature, so it will increase by a factor of the square root 
of two. 

( b ) The average velocity is also proportional to the square root of the temperature, so it will 
increase by a factor of the square root of two as well. 


13. 


Evaporation. Only molecules in a liquid that are traveling fast enough will be able to escape the 
surface of the liquid and evaporate. 


14. No. Boiling occurs when the saturated vapor pressure and the external pressure are equal. At that 
point bubbles will be able to form in the liquid. For water at 100°C, the saturated vapor pressure is 1 
atm. If the external pressure is also 1 atm, then the water will boil at 100°C. If the water is at 100°C 
and the external pressure is greater than 1 atm (such as in a pressure cooker), the saturated vapor 
pressure will still be 1 atm, but bubbles will not be able to form and the water will not boil because 
the external pressure is higher. The saturated vapor pressure does not depend on the external 
pressure, but the temperature of boiling does. 


15. If alcohol evaporates more quickly than water at room temperature, then it must be easier for the 
alcohol molecules to escape from the surface of the liquid. Alcohol molecules are more massive than 
water molecules, and so will not be moving as fast at the same temperature. We can therefore infer 
that the attractive intermolecular forces between the alcohol molecules are less than the forces 
between the water molecules. 


16. On a hot day, cooling occurs through evaporation of perspiration. If the day is hot and dry, then the 
partial pressure of water vapor in the air will be low and evaporation will readily occur, since the 
saturated vapor pressure for water will be higher than the external pressure. If the day is hot and 
humid, then the partial pressure of water vapor in the air will be much higher and the air will be 
holding all or nearly all the water vapor it can. In this case evaporation will not occur as readily, 
resulting in less cooling. 

17. Yes. If you place the water and its container in a vessel that can be evacuated (depressurized), and 
pump the air out of the vessel, the water will boil at room temperature. 

18. Boiling occurs when the saturated vapor pressure equals the external pressure. When we say the 
oxygen “boils” at -183°C, we mean that the saturated vapor pressure for oxygen will be 1 atm (the 
same as atmospheric pressure) at a temperature of-183°C. At this temperature and pressure, liquid 
oxygen will vaporize. 


19. 


The freezing point of water decreases slightly with higher pressure. The wire exerts a large pressure 
on the ice (due to the weights hung at each end). The ice under the wire will melt, allowing the wire 
to move lower into the block. Once the wire has passed a given position, the water now above the 


© 2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

556 





Chapter 18 


Kinetic Theory’ of Gases 


wire will have only atmospheric pressure on it and will refreeze. This process allows the wire to pass 
all the way through the block and yet leave a solid block of ice. 

20. The humid air will be more dense than the dry air at the same temperature because it will have more 
water vapor suspended in it. 

21. (a) A pressure cooker, by definition, increases the pressure on what is inside it. An increased 
pressure yields a higher boiling point. The water in which the food is usually prepared will boil at a 
higher temperature than normal, thereby cooking the food faster. ( b ) At high altitudes, the 
atmospheric pressure is less than it is at sea level. If atmospheric pressure decreases, the boiling 
point of water will decrease. Boiling occurs at a lower temperature. Food ( including pasta and rice) 
will need to cook longer at this lower temperature to be properly prepared, (c) It is actually easier to 
boil water at higher altitude, because it boils at a lower temperature. 

22. Both “vapor” and “gas” refer to a substance in the gaseous state. They differ in that a vapor is below 
the critical temperature and a gas is above the critical temperature for the substance. 


23. (a) Yes. As an example, think of ice skating. The pressure from the weight of the skater melts the 

ice, and the skater glides on a thin layer of water. 

( b ) No. See Figure 18-6. The solid-liquid interface has a positive slope, and so it is not possible to 
melt carbon dioxide simply by applying pressure. 

24. Dry ice is carbon dioxide in the solid state. As shown in Figure 18-6, carbon dioxide at room 
temperature will be a vapor unless it is at a pressure several times atmospheric pressure. When 
brought to room temperature, the dry ice sublimates and therefore does not last long. 


£5 


Liquid C0 2 can exist at temperatures between -56.6°C and 3 1°C and pressures between 5.1 1 atm and 
73 atm. (See Figure 18-6.) CCL can exist as a liquid at normal room temperature, if the pressure is 
between 56 and 73 atm. 


26. Exhaled air contains a large amount of water vapor and is initially at a temperature equal to body 
temperature. When the exhaled air comes into contact with the external air on a cold day it cools 
rapidly and reaches the dew point. At the dew point temperature, the air can no longer hold all the 
water vapor and water condenses into little droplets, forming a cloud. 

27. A sound wave can be described as a pressure wave or a displacement wave. Transmission of the 
wave depends on the collisions of the gas molecules and their displacements away from an 
equilibrium position. If the wavelength of a sound wave is less than or equal to the mean free path of 
the molecules in a gas, then there is no net displacement from the equilibrium position and the sound 
wave will be “lost” in the movement of the molecules. The forces between the molecules will not be 
large enough to transmit the sound wave. 

28. Ways to reduce the mean free path in a gas include increasing the size of the gas molecules and 
increasing the density of the gas. Gas density can be increased either by increasing the number of 
molecules or by decreasing the volume. 
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Solutions to Problems 


In solving these problems, the authors did not always follow the rules of significant figures rigidly. We 
tended to take quoted temperatures as correct to the number of digits shown, especially where other 
values might indicate that. 


[l] (a) The average translational kinetic energy of a gas molecule is \ kT . 

K avg = f kT = f ( 1 .3 8 x 1 0 -23 J/K ) ( 273 K) = | 


5.65x10 J 


( b ) The total translational kinetic energy is the average kinetic energy per molecule, times the 
number of molecules. 


^ total = ^(XE avg ) = (l.0mol) 


^ 6.02 x 10 23 molecules^ 1 


(l.38xl0“ 23 J/k)(298K) 


3700 J 


2. The rms speed is given by Eq. 18-5, v ms = ^3 kT jm . Helium has an atomic mass of 4.0. 
v n» = sl^T/m = _ 


V 


3(L38x10 _23 J/k)(6000 K) 


4.0(l.66xl0~ 27 kg) 


= 6116m/s = 6xl0 3 m/s 


3. The rms speed is given by Eq. 18-5, v niis = yj3kT/m . The temperature must be in Kelvins. 

(0 2 _V^ 


(O, JlkTjm 


453 K 
'273 K 


1.29 


4. The rms speed is given by Eq. 18-5, v ms = ^3kT/m . Since the rms speed is proportional to the 

square root of the absolute temperature, to triple the rms speed without changing the mass, the 
absolute temperature must be multiplied by a factor of 9. 


r fast = 4T |0W = 9 (273 + 20) K = 2637 K = |2364°C 


5. The average kinetic molecular energy is \kT. Set this equal to the kinetic energy of the paper clip. 


\mv 2 =ykT 


v = , 


3(L38x10- 6 23 * J/k)(288K) 


m 


1.0xl0~ 3 kg 


3.5x10 9 m/s 


6. (a) The average molecular kinetic energy is jkT, so the total kinetic energy for a mole would be 

Avogadro’s number times jkT. 

K = N 0 (jkT) = jRT = j( 8.314J/mol.K)(273K + 15K) =| 


3740 J 


( b ) K — — 3704 J 


2 (3740 J ) _ 

V 65 k § 


11 m/s 
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[ 7 ] The mean (average) speed is as follows. 

6.0 + 2.0 + 4.0 + 6.0 + 0.0 + 4.0 + 1 .0 + 8.0 + 5.0 + 3.0 + 7.0 + 8.0 54.0 


v = ■ 

avg 


12 


12 


4.5 


The rms speed is the square root of the mean (average) of the squares of the speeds. 

6.0 2 + 2.0 2 + 4.0 2 + 6.0 2 + 0.0 2 + 4.0 2 + 1.0 2 + 8.0 2 + 5.0 2 + 3.0 2 + 7.0 2 + 8.0 2 

V =4 

“ V 12 


320 

12 


5.2 


The rms speed is given by Eq. 18-5, v ms = yj 3kT/m . 


( V -)» - 1 . 020 - ^ 

(O, 


m 




■=.H^ -> 


m 


T = 7; (1.020V = (293.15K) (1.020V =305.0K = |31.8°C 


9. From the ideal gas law, PV = nRT , if the volume and amount of gas are held constant, the 

nR 


temperature is proportional to the pressure, PV = nRT 
temperature will be tripled . Since the rms speed is proportional to the square root of the 


P = — T = ( constant ) T . Thus the 


temperature, v ms = yj3kT / m = (constant) Vr , v rnis will be multiplied by a factor of |V3 


1.73. 


10. The rms speed is given by Eq. 18-5, v nns = y]3kT / m . The temperature can be found from the 

ideal gas law, PV = NkT — > kT = PV/N . The mass of the gas is the mass of a molecule times the 

M 

number of molecules: M = Nm , and the density of the gas is the mass per unit volume, p = — . 


Combining these relationships gives the following. 

3 PV _ fl P 
M V p 


v = yj3kT/m = 1^- = [ 
ms V 1 V Nm V 


1 1 . The rms speed is given by Eq. 1 8-5, v ms = ^3kT /. 
( v rms ) 2 _ sj3kTjm. 


( V m„)i 


— > 


(v ) 

\ rms / 2 

m l 

(o, i 

772, 


12. The temperature of the nitrogen gas is found from the ideal gas law, and then the rms speed is found 
from the temperature. 

PV 


PV = nRT 


T = 


nR 


3 kT 


m 


m 


H 

1.38xl0“ 23 J/k) (3.1 atm) 

(l.013 xlO 5 Pa/atm)(8.5m 3 ) 

28 

W) 

0 

X 

VO 

VO 

1 (1800 mol) (8.314 j/mol»K) 


= 398.6 m/s = 4.0xl0 2 m/s 
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13. From Eq. 18-5, we have v ms = ^3 kT fm 
^3 kT\' 2 l(3k\ n 


dv d 
(a) —m*- = — 
dT dT 


\ m J 


1 


V m J 


1 f 3kT\ 
2\ m 


1 

T 


2 T 


Av 


dv 


AT = -^AT -> 
dT IT 


Av 


1 A T 

2 T 


( b ) The temperature must be calculated in Kelvin for the formula to be applicable. We calculate the 
percent change relative to the winter temperature. 


Av„ 


1 AT _ 1 

2 T 2 


30K ^ 
268K y 


= 0.056= 5.6% 


14. Assume that oxygen is an ideal gas, and that each molecule occupies the same cubical volume of /' . 
Find the volume per molecule from the ideal gas law, and then the side length of that cubical 
molecular volume will be an estimate of the average distance between molecules. 

V kT ( 1.38 x10‘ 23 J/k) (273 K) 


PV = NkT — = — = 

N P 


/ = 


'kT} 

1/3 

(1 

l P ) 


l 


1.01x10 Pa 

1/3 


■ = 3.73 x 10 26 m 3 /molecule 


(l.38xl0~ 23 J/k)(273 K) 


1.01x10 Pa 

15. The rms speed is given by Eq. 18-5, v ms = yj3kT /. 


3.34x10 m 


m 


(Kms)^ _-\l 3kT / m ™VF 6 

nt m 

“UF, _ , 

238 + 6(19) 

352 


1 004 

( v m, s )“uF 6 J3kT/m m ]l 

m -UF 6 V 

235 + 6(19) V 

349 



16. Gas molecules will rush into the vacuum from all directions. An estimate for the time for air to refill 
this vacuum region is the radius of the region divided by the rms speed of the molecules. 

Ad Ad 0.01m 


A t = 


fikT/ 


m 




3 (l .38 x 10~ 23 J/k) (293 K) 
29(l.66xl0“ 27 kg) 


2x10 s 


17. (a) The rms speed is given by Eq. 18-5, v niis = ^3 kT / m 


hkT : 

lii 

(l.38xl0“ 23 J/k)(273 K) 

1 m V 

32 1 

(l.66xl0“ 27 

kg) 

1 


461 m/s 


(. b ) Assuming that the particle has no preferred direction, then we have the following: 
v 2 = v 2 + v 2 + v 2 = 3v 2 — > v = v / V3 . 

rms x y z x x rms / y 

The time for one crossing of the room is then given by t = d/ v = V3 d / v nn . , and so the time for 
a round trip is 2\f3d/v ims . Thus the number of back and forth round trips per second is the 


reciprocal of this time, 


2\f3d ‘ 
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# round trips per sec = 


461 m/s 


2V3 d 2 V 3 (5.0 m) 


= 26.6 = 


26 round trips per sec 


18. (a) The average time for a molecule to travel from one side of the box to the other and back again is 
simply the round-trip distance, say in the x direction, divided by the average x speed of the 
molecule. The frequency of collisions for that molecule is the reciprocal of that round-trip time. 
The overall frequency of collisions is N times the frequency for a single particle. Use the ideal 
gas law to relate the number of particles in the room to the gas parameters of pressure, volume, 
and temperature. 

PV Pf 
N = = 

trip v v kT kT 


Ax _2£ 

V V 


L^=—=— ; PV = NkT 


Pf 


f = N— = ^ = kT X = 
J t 2/ 2/ 


round 

trip 


f 

2 kT 


(b) We approximate that v x ~ \Jv x . From section 18-1, we have that v x - /v and Eq. 18-4, 
/-777 V 2 = \kT . Combine these results with the result from part (a). 


f = ^f 
2 kT 


-f=- 


'iv 2 P 


t 


J 


kT 


m 


-f = 


Pf 


sj 4mkT 


2 kT 2 kT 2 kT 

(c) We assume the pressure is at one atmosphere, and we take the molecular mass of air to be 29 u, 
as given in problem 16. 

Pf (l.013xl0 5 Pa)(3m) 2 


/ = 


\j4mkT ^4(29) (l.66xl0~ 27 kg)(l.38xl0“ 23 J/K.)(293 K) 


= 3.27x10 Hz 


3.27x10 Hz 


19. In the Maxwell distribution, Eq. 18-6, we see that the mass and temperature always occur as a ratio. 
Thus if the mass has been doubled, [doubling the temperature) will keep the velocity distribution 
constant. 

20. (a) We find the average by adding the speed of every particle and then dividing by the number of 

particles. 


- ^ V * 

v = — > 77 . v . = — 

N , 25 


2(l0m/s) + 7(l5m/s) + 4(20m/s) + 3(25 m/s) 
+ 6 (30 m/s) + l(35 m/s) + 2 (40 m/s) 


23 m/s 


(b) We find the rms speed by taking the square root of the average squared speed 


1 'v 2 


2(l0m/s)‘ + 7(l5m/s)‘ +4(20m/s)‘ +3(25m/s)" 
+ 6(30m/s)" +l(35m/s)‘ +2(40m/s)‘ 


= 24.56 m/s ~ 25 m/s 


(c) The most probable speed is that one that occurs most frequently, 15m/s 
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21. (a) We find the rms speed by taking the square root of the average squared speed. 

'i 


1 'V 2 

= 


1 


15,200 


1600(220m/s) 2 +4100(440 m/s) 2 +4700(660 m/s) 2 
+3 1 00 ( 880 m/s) 2 + 1 300 ( 1 1 00 m/s) 2 + 400 ( 1 320 m/s) 2 


= 706.6m/s=: 710m/s 


( b ) The temperature is related to the rms speed by Eq. 18-5. 

(2.00 xl0~ 26 kg) (706.6 m/s) 2 


3 kT 


mv 

'p rms 


V m 3 k 3(i.38x10" 3 J/k) 

(c) Find the average speed, and then use a result from Example 18-5. 


= 241.2K i 


240 K 


- 1 1 
v = — > n.v. = 

nr 1 ' 


N ' 


15,200 


1 600 ( 220 m/s) + 4 1 00 ( 440 m/s) + 4700 ( 660 m/s ) 
+3 1 00 ( 880 m/s) + 1 300 ( 1 1 00 m/s) + 400 ( 1 320 m/s) 


= 654.2 m/s = 650 m/s 


_ = [[kT ^ T _ nmv 2 _ ^(2.00 xl0~ 26 kg) (654.2 m/s) 2 _ ^ ^ 


V n m Sk 

Y es, the temperatures are consistent. 


8(1.38x10 23 J/K) 


240 K 


22. (a) Show that J/( v) dv = N. We use a change of variable, and we make use of an integral from 

0 

r~— 

Appendix B-5; specifically, J x 2 e“" dx = , 


16a 


| f(v)dv = 1 4 JiN 


f „ \ 3/2 


m 


x = . 


mv 


2kT 


\2nkT j 

2 


mv 


x = 


v e 2 kT dv 


2 2 kT 2 


2 kT 


v = ■ 


2 kT 

v = . x 


m 


m 


V m 


J 4 JlN 


/ \ 3/2 1 

' m ' 


\2nkT j 
- 4 nN 


2 ? kT 

ve 


dv = 1 4 nN 


f m 2 kT 


\2nkT j 


m 


2 A 2kT a 
x~e . dx 

V m 


r m / 

3/2 2kT , 

\2kTl 

v 2 nkT ) 

1 m V 

m { 


2 1 

rn 

3/2 1 

1 ^ n \ 


dx = 4 7tN\ 



N 



1 4 



( b ) Show that [ v 2 / (v) dv N = . We use the same change of variable as above, and we make 

/ m 

use of an integral from Appendix B-5; specifically, [ x 4 e~ ax dx = 

J Q 

| v 2 /(v) dv = 1 4 nN 


x = , 


| mv 
<2 kT 


2 

x = 


1 m ] 

v 4 e 2 kT dv 

\2nkT ) 

mv 2 

2 2kT 2 

2 kT 

V — X 

m 


2 kT , 2kT , 

v = . x — > dv = , dx 


m 


m 
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J 4 JiN 


4 ? kT 

ve 


dv = 1 4 nN 


m V' 2 4 k 2 T 2 4 v /2*T 


= AnN 


m Y /2 4 k 2 T 2 l2kT 


2 nkT ) m V m 


2nkT J nf 


| x 4 e ' dx ■ 


j v 2 f(v)dv- 


J v 2 f(v)dv 


23. From Fig. 18-6, we see that C0 2 is a vapor at 30 atm and 30°C. 

24. (a) From Fig. 18-6, at atmospheric pressure, C0 2 can exist as solid or vapor . 

( b ) From Fig. 18-6, for C0 2 to exist as a liquid, 5.11 atm < P < 73 atm and 

-56.6° C <T < 31°C . 

25. (a) From Fig. 18-5, water is vapor when the pressure is 0.01 atm and the temperature is 90°C. 

( b ) From Fig. 18-5, water is solid when the pressure is 0.01 atm and the temperature is -20°C. 

26. (a) At the initial conditions, the water is a liquid. As the pressure is lowered, it becomes a vapor at 

some pressure between 1.0 atm and 0.006 atm. It would still be a vapor at 0.004 atm. 

( b ) At the initial conditions, the water is a liquid. As the pressure is lowered, it becomes a solid at a 

pressure of 1.0 atm, and then becomes a vapor at some pressure lower than 0.006 atm. It would 

be a vapor at 0.004 atm. 

27. From Table 18-2, the saturated vapor pressure at 30°C is 4240 Pa. Since the relative humidity is 
85%, the partial pressure of water is as follows. 

P, =0.85 P ,= 0.85(4240 Pa) = 13600 Pa 

water saturated \ / 

28. From Table 1 8-2, the saturated vapor pressure at 25°C is 3 1 70 Pa. Since the relative humidity is 
55%, the partial pressure of water is as follows. 

^uer = 0.55 />„ = 0.55(3170 Pa) = |l700Pa 


29. At the boiling temperature, the external air pressure equals the saturated vapor pressure. Thus from 
Table 18-2, for 80°C the saturated air pressure is 355torr or 4,73 x IQ 4 Pa or 0.466atm . 


30. From Table 18-2, if the temperature is 25°C, the saturated vapor pressure is 23.8 torr. If the relative 
humidity is 75%, then the partial pressure of water is 75% of the saturated vapor pressure, or 17.85 
torr. The dew point is the temperature at which the saturated vapor pressure is 17.85 torr, and from 
Table 18-2 that is between 20°C and 25°C. Since there is no entry for 17.85 torr, the temperature can 
be estimated by a linear interpolation. Between 20°C and 25°C, the temperature change per torr is as 
follows: 

(25-20)C° 

(23.8 -17.5) torr 

Thus the temperature corresponding to 17.85 torr is 


0.7937 C°/torr . 
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20°C + [(17.85 - 17.5) torr] (0.7937 C°/torr) = 20.28°C - |20°C 


31 


At the boiling temperature, the air pressure equals the saturated vapor pressure. The pressure of 0.75 
atm is equal to 7.60xl0 4 Pa. From Table 18-2, the temperature is between 90°C and 100°C. Since 
there is no entry for 7.60 x 10 4 Pa , the temperature can be estimated by a linear interpolation. 
Between 90°C and 100°C, the temperature change per Pa is as follows: 


(100-90 C° , 

- 1 — — = 3.236x10 C /Pa . 

(10.1-7. 0l)xl0 Pa 

Thus the temperature corresponding to 7.60 x 10 4 Pa is 

90°C + [(7.60 - 7.01) x 10 4 Pa] (3.236x10^ C°/Pa) = 91.9°C » 


92°C 


32. The volume, temperature, and pressure of the water vapor are known. We use the ideal gas law to 
calculate the mass. The pressure must be interpolated from Table 18-2. Between 20°C and 25°C, the 
pressure change per temperature change per C° is as follows. 

(3170-2330)Pa =168Pa/c . 

(25-20)C° 

Thus the saturated vapor pressure at 20°C is 2330 Pa + (l68Pa/ C°)4C° = 3000 Pa. 

PV _ (0.65) (3000 Pa) (5.0m) (6.0m) (2.4 m) 


PV = nRT — > n = 


RT (8.314J/mol-K)(273.15K + 24.0K) 


- 56.8 mol 


m u 


= (56.8 mol)(0.018kg/mol) = 1.0kg 


33. Since the water is boiling at 120°C, the saturated vapor pressure is the same as the pressure inside the 
pressure cooker. From Table 18-2, the pressure is 1.99xl0 5 Pa = 1.97 atm 


34. The total amount of water vapor that can be in the air can be found from the saturated vapor pressure 
in Table 18-2, using the ideal gas law. At 25°C, that pressure is 3.17xl0 3 Pa . 

PV (3.17xl0 3 Pa)(440in) 


PV = nRT 


n = 


= 563 moles 


RT (8.3 14 j/mol*K) (273 + 25) K 

Since the relative humidity is only 65%, only 65% of the total possible water is in the air. Thus 35% 
of the total possible water can still evaporate into the air. 


m 


evaporate 


= 0.35 (563 moles) 


A 18xlO~ 3 kg A 

1 mole 


3.5 kg 


35. For boiling to occur at 120°C, the pressure inside the cooker must be the saturated vapor pressure of 
water at that temperature. That value can be found in Table 1 8-2. For the mass to stay in place and 
contain the steam inside the cooker, the weight of the mass must be greater than the force exerted by 
the gauge pressure from the gas inside the cooker. The limiting case, to hold the temperature right 
at 120°C, would be with the mass equal to that force. 

mg = F - (P - P ) A- (P - P ) nr 1 — > 

° gauge \ inside atm / \ inside atm / 

pressure 
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m = 


( _ Pfm ) nr 2 (l.99xl0 5 Pa-1.013xl0 5 Pa)^(l.5xl0 _3 m) 2 


g 


9. 80 m/s 2 


= 0.0705 kg 


70g (2sig. fig.) 


36. ( a ) The true atmospheric pressure will be greater than the reading from the barometer. In Figure 
13-11, if there is a vapor pressure at the top of the tube, then P tm - pgh = P . The reading 

from the barometer will be pgh = P - P < P, . 

• o atm vapor atm 

( b ) The percent error is found from the atmospheric pressure and the vapor pressure. 


% diff = 


r Pgh -O 


P, 


xlOO = 


J 


P 




P. 


xlOO = 


J 


0.0015 mm-Hg 
760mm-Hg 


xlOO 


(-2.0x10‘ 4 )% 


(c) From Table 18-2, the saturated water vapor pressure at STP is 61 1 Pa. 
( P ^ ( 611 Pa ^ 


% diff = 


P 


xlOO = 


atm J 


1.013x10 Pa ) 


xlOO = 


0.603% 


37.| At 30.0°C, the saturated vapor pressure as found in Table 18-2 is 4240 Pa. We can find the partial 
pressure of the water vapor by using the equation given immediately before Example 18-6. 


Rel. Hum. - 


partial 


xlOO -» P „ . , = P. „ . ReL Hum ' = (4240 Pa) (0.45) = 1908 Pa 

partial saturated ^ q q \ / \ / 


The dew point is that temperature at which 1908 Pa is the saturated vapor pressure. From Table 18- 
2, we see that will be between 15°C and 20°C. 

1908 Pa - 1710Pa 


T - T + 

1920 1710 


2330Pa - 1710Pa 


(5C°) = |l6.6°C 


38. 


The outside air is at the dew point, and so its water vapor pressure is the saturated vapor pressure at 
5.0°C, which comes from Table 18-2 and is 872 Pa. Consider a fixed number of moles that moves 
from outside to inside at constant pressure. Because the pressure is constant, the partial pressure of 
water vapor is 872 Pa inside as well. The saturated pressure at the higher temperature is 2300 Pa. 


So the relative humidity is 872 Pa/2330 Pa = 0.374 = 37.4% 


39. 


(a) 


The plot is shown, with an 
accompanying linear fit. 
The slope of the line is 


-5000 K 


, and the y- 


intercept is 24.91 . The 
spreadsheet used for this 
problem can be found on 
the Media Manager, with 
filename 


“PSE4ISMCH 18.XLS,” 
on tab “Problem 18.39a.” 



0.0022 0.0024 0.0026 0.0028 0.0030 0.0032 

\/T (1/K) 
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( b ) The straight line results can be expressed as follows. 
y = mx + b — > \n(P/P (j )-n/ 


+ b P = P n e 7 


-+b 


■ P 0 e°e 


b „T 




We define B = P Q e b = (lPa)e 2491 = 6.58xl0 lo Pa ~ 7xl0 lo Pa and A - —m = 5000 K. Then we 
have the following. 

(7xl0 10 Pa)e _5000/r 


P = P 0 ee mlT = 


Be 


-A/T 


40. For one mole of gas, the “lost” volume (the volume occupied by the molecules) is the value of b. 
We assume spherical molecules. 


b-N Q y7t(yd) — > 


d = 2 


r \ 1/3 

<2 b ' 


\^N aJ 


= 2 


3(3.2x10 5 m 3 /mol) 
4;r(6.02xl0 33 molecules/mol) 


4.7 x 10~ 10 m 


41 . (a) Use the van der Waals equation. 

RT a 


P = 


(' V/n)-b (V/n) 2 

(8.314J/mol-K)(273K) 


0.1 3 m/s 


(0.70x 10 -3 m 3 /mol) - (3.2 x 10 " m 3 /mol) (0.70xl0 -3 m 3 /mol) 
(b) Use the ideal gas law. 

nRT _ (l.0mol)(8.314 j/mol*K) (273 K) 


3.1x10 Pa 


PV = nRT 


P = 


V 


0.70xl0 _3 m 3 


3.2x10 Pa 


42. The van der Waals pressure can be either higher or lower than the ideal gas pressure, depending on 
the volume. Accordingly, we use a parameter “c,” which is the ratio of the van der Waals pressure to 
the ideal pressure. 


P, = cP, 


RT 


nRT 


= c- 


(V/n)-b (V/n) 2 V 


RT (c - 1) V 2 + (an - bcnRT )V- ban 2 = 0 — > 


V- 


—(an - bcnRT) ± nJ(a -bcRT)~ + 4 RT (c - 1 )bc 


2RT(c-\) 

RT (c - 1) V 2 + (an - bcnRT ) V - ban 2 = 0 


For c = 0.95, the van der Waals pressure being lower than the ideal gas pressure, we get volumes of 
and 2.16xlO~ 4 nT . For c = 1.05, the van der Waals pressure being higher than the 

. Note that the pressures are equal for a 


4.16xl0” s m 3 


ideal gas pressure, we get a volume of 
volume of 3.72xl0~ s m 3 . 


3.46xl0~ 5 m 3 
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43 .| (a) The Van der Waals equation of state is given by Eq. 18-9, P = 


RT 


At the 


{V/n)-b (V/n)" 

critical point, both the first and second derivatives of P with respect to V are 0. Use those 
conditions to find the critical volume, and then evaluate the critical temperature and critical 
pressure. 


P = 

dP _ 
dV 

d 2 P 

dV 2 


RT 


nRT aiT 


( V/n)-b (V/n) 2 V-nb V 2 


nRT 


(V-nb)' 
2 nRT 


- + - 


2an~ 


V 3 


6 an~ 

1 ~ 


—=o^t = 2an ( v ««~ nb y 

dV 
d 2 p 


RV. 


dV 


= 0 -» T = 

2 crit 


3a ii ( V crit - nb) 3 


RV\ 


(V - nb ) 

Set the two expressions for the critical temperature equal to each other, and solve for the critical 
volume. Then use that expression to find the critical temperature, and finally the critical 
pressure. 

2an (Kn, ~nb) 2 _ 3 an (V nt - nb) 3 


RV 


RV 


— » V .= 3 nb 

crit 


T , = 

crit 


2 an (V cnt - nb)" 2 an (3 nb - nb)" 


RV 


R(3nb) 3 


8 a 


21 bR 


nRT , 

P z= cnt 


an 


V , - nb V 2 


21b 2 


T T . 

(b) To evaluate the constants, use the ratios — 221 and - H!L . 

P P 


L crit _ V 


8 a 

21 bR 


21b" 


a = 


21R 2 T\ 

cnt 


64a 

21R 1 


27 8.314 


— > 


J 


mol*K 


(304K) 2 


64 P cnt 64 (72.8) (l.013x 10 5 Pa) 


0.365- 


N*m 


moT 


8 a 

r cnt _ 21 bR _ 86 b= RTcnt 


.314 


mol*K 


(304 K) 


R 


8 P. 


21b 2 


8 (72.8) (l.013x 10 5 Pa) 


4.28x1 0~ 5 m 3 / mol 


44. (a) We use the ideal gas law as applied to the air before it was put into the tank. 

( 1.013 xlO 5 Pa) (2.3 m 3 ) 


PV = nRT 


n = ■ 


(8.314 j/mol*K) (293 K) 


= 95.64 mol : 


96 mol 
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(. b ) Use the ideal gas law. 
PV = nRT -» 


P = 


nRT _ (96mol) (8.314 J/mol-K)(293K) _ 


V 


(0.012m 3 ) 


= 1.9488x10 Pa 


1.9xl0 7 Pa 


: 190 atm 


(c) Use the van der Waals equation. 


P = - 


RT 


nRT an " 


( V/n)-b (V/n) 1 V-nb V 2 

(96 mol) (8.3 14 j/mol-K) (293 K) 
(0.012m 3 ) - (96 mo l)(3.72xl0 -5 m 3 /mol) 


(0.1373N-m 4 /mol 2 )(96 mol)" 

(0.012 m 3 ) 2 


= 1.8958xl0 7 Pa = |l.9xl0 7 Pa 
(d) %error = | !I ^^|xlOO = 


van der 
Waals 


^ 1.9488 x 10 7 Pa - 1.8958 x 10 7 Pa^ 


1.8958 x 10 7 Pa 


xl00 = 2.796%« 3% 


J 


45. The mean free path is given by Eq. 18- 10b. Combine this with the ideal gas law to find the mean 
free path-pressure relationship. 

1 kT kT 


(a) P = 


(b) P = 


PV = NkT 
kT 


/ =_ 

V kT ’ M Antsflr 2 {N/V) Att^JlrP 


P = 


4n4lr 2 £ u 


(l.38 x 10“ 23 J/k) (293 K) 
4^V2r 2 / M Ansfl (l.5xlO _10 m) 2 (0.10m) 
(l.38xl0~ 23 J/k)(293K) 


0.10 Pa 


kT 


4n4lr 2 £ u \ n 4l (l.5xlO" 10 m) 2 (3xlO" 10 m) 


3x10 Pa 


: 300 atm 


46. We want the mean free path to be 1.0 m. Use Eq. 18- 10b with the ideal gas law. 

1 kT 


PV = NkT 

r- kT 


T = t = _ 

V kT ’ M 47rsl2r 2 (N/v) 47Ts/2r 2 P 


(l.38 x 10" 23 J/k) (293 K) 
4n yJlr 2 £ M 4^V2 (l.5xl0"‘°m) 2 (l.Om) 


O.OlOPa 


47. First, we compare the rms speed of the hydrogen to the rms speed of the air, by Eq. 1 8-5. 

(Oh, = 4 3kT l m *> = £ 

( V mJ air 4 kT l m * V ,?7 H 
Since the hydrogen is moving about 4 times faster than the air, we will use a stationary target 
approximation. We also assume that the inter-molecular distance for a collision would be the sum of 
the radii of the hydrogen and air molecules. The size of the air molecules are given in problem 45, 
and based on problem 7 1 , we assume that the radius of the hydrogen molecule is the same as the 
diameter of the hydrogen atom. We use these assumptions to calculate the mean free path, similar to 
Eq. 18- 10a. Use the ideal gas law. 
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N P 

PV = NkT -» — = — ; 

V kT 


/, =■ 


1 


('-H +rJ{N/V) 


71 


kT 
71 K P 


71 


(l.38xl0^ 23 J/k)(288K) 

[(l.O + 1.5)xlO _10 m] 2 (l.013xl0 5 Pa) 


= 1.998x10 m 


2 x 10 m 


48. The mean free path is given by Eq. 18- 10b. Combine this with the ideal gas law to find the mean 
free path-diameter relationship. 

1 kT 


PV = NkT 


/ =- 

V kT ’ M 47Tsf2r 2 (N/V) 4^2 (\d) 2 * * * P 


(a) d = 

(b) d = 


kT 


kT 


( 

1.38 x10~ 23 J/k) (273 K' 

) 

ypTT 

(5.6xl0 _8 m) 

l(l.013xl0 5 Pa) 

( 

1.38 x10 _23 J/k) (273 K) 


v/2 71 

(25 x 10~ 8 m) 

(l.013xl0 5 Pa) 


3.9x10 m 


1.8x10 m 


d = 


kT 


£ U P 


|49.| (a) If the average speed of a molecule is v , then the average time between collisions (seconds per 
collision) is the mean free path divided by the average speed. The reciprocal of that average 
time (collisions per second) is the frequency of collisions. Use Eq. 18- 10b for the mean free 
path. The typical size of an air molecule is given in problem 45, which can be used for the size 
of the nitrogen molecule. 


a, -> /=— = ^ = 

3V g — J A , 0 

v Af 

avg M 


4yfl7zr 2 v — 
V 


8 kT N P 

( b ) From Eq. 18-7b, v - , , and from the ideal gas law, PV = NkT — » — = — . Use 

V Tim V kT 


these relationships to calculate the collision frequency. 
_N_ 

V 


/ = 4v/2. 


7lr~v — = 4 >/ 2 ; 


8 kT P ^ 2 

nr * = 16 Pr 


n 


nm kT V mkT 

2 


16(0.010)(l.013xl0 s Pa)(l.5xl0~ 10 m) x 

71 

V28(l.66xl0' 27 kg)(l.38xl0“ 23 J/K)(293K) 


4.7 xlO 7 collisions/s 


50. 


2 / 77 

The collision frequency is derived in problem 49 as / = 16Pr\ . Only one significant figure 

V mkT 

was given for the mean free path, so only one significant figure should be in the answer. 


/ = 16.P/' 2 
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16(l.013xl0 5 Pa)(l.5xl0' 10 m f 


n 


.66xl0~ 27 kg)(l.38xl0 23 J/k)(273K) 


= 4.8x10 Hz 


5 x 1 0 9 Hz 


51. Use the ideal gas law to evaluate the mean free path. Then compare the mean free path to the 

dimensions of the box in order to estimate the collision ratio. The size of air molecules is given in 
problem 45. The number of collisions per second is the reciprocal of the average time between 
collisions. 

N _ P 
V~kT 

(l.38xl0~ 23 J/k)(273K) 


PV = NkT -» — = — 


/ 1 kT 

M Anjlr 1 (1 N I V) \n4lr 2 P 


Ansfl (l.5xl0 l0 m) (lxl0 6 torr) — 

1 


133 Pa 


= 70.8 m 


torr 




/ 


N 


v = ■ 


wall 

collisions 


molecular 

collisions 


/, 70.8 m 


^molecular ^wall 


N 


molecular 

collisions 


t 


L. 


1.80m 


= 39.3 


The wall collisions are about 40 times more frequent than the inter-molecular collisions. So the 
particles make about 1/ 40 of a collision with each other for each collision with a wall. 


52. We estimate that only 2% of the electrons will have a collision in 32 cm or less, and so approximate 
that 2% of the electrons will have a collision in every 32 cm length. Thus 50% of the electrons 
should have a collision in a length of 25 times 32 cm, which is 8.00 m. So we want the mean free 
path to be 8.00 m. We also assume that the electrons are moving much faster than the air molecules, 
so that we model the air molecules as stationary. Finally, a collision will occur if an electron comes 
within a distance of r from a gas molecule (the radius of the gas molecule), not 2 r as in the derivation 
in section 18-6. Combine this with the ideal gas law. We assume room temperature. 

N P 1 kT 

PV = NkT — » — = — • / = = — > 

V kT ’ M 7ir 2 (N/V ) nr 2 P 


P = 


kT (l.38xl0~ 23 J/k)(300K) 
t(i.5x 10“ 10 m ) 2 (8.00m) 


nr 2 £ 


7.3x10 3 Pa 


7x10 ‘’atm 


53. We use the equation derived in Eq. 18-9. 


t = 


C (Ax)“ 1 (1.0m)' 

AC D 2(4xl0~ 5 m 2 /s) 


= 12,500s = 


3.5h 


Because this time is so long, we see that [convection is much more important than diffusion) 


54. From Example 18-9, we have an expression for the time to diffuse a given distance. Divide the 
distance by the time to get the average speed. 


t = 


AC D 


v (l -00 + 0.50) mol/ m 3 

IT 

SO 

1 

o 

X 

in 

2 

1 

(1.00- 0.50) mol/m 3 ( 

95x10““ m 2 /s) 


= 0.3553s : 


0.36s 
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Ax 15x10 6 m 
t 0.3553 s 


4.2 xlO” 5 m/s 


The rms thermal speed is given by Eq. 18-5, v ms = ^3kT / 

v ms =V3w7 


lm = 


1 


3(l.38xlO“ 23 J/k)(293 K) 


75(l.66xl0 _27 kg) 


3.1xl0 2 m/s 


4.2x10 m/s 
3.1xl0 2 m/s 


■ = 1.4x10" 


The diffusion speed is about seven orders of magnitude smaller than the thermal speed. 


[5 5 .| (a) Use the ideal gas law to find the concentration of the oxygen. We assume that the air pressure 
is 1.00 atm, and so the pressure caused by the oxygen is 0.21 atm. 

PV - nRT -» 

« p (0.21atm)(l.013xl0 5 Pa/atmj 

V RT (8.315 j/mol-K)(293 K) 

( b ) Use Eq. 18-11 to calculate the diffusion rate. 
dC 


= 8.732 mol/m 3 = 8.7mol/m 3 


J = ZE4- — = DA — — — 
dx Ax 


(lx 10 3 m 2 /s)(2xl0 9 m 2 ) 


^ 8.732 mol / m 3 - 4.366 mol/ m 3 '' 
2xl0" 3 m 


= 4.366x10 11 mol/s = 4x10 "mol/s 


(c) From Example 1 8-9, we have an expression for the time to diffuse a given distance. 
t = — — = 7 7 — — 1 0.6 s 


C {Ax) 2 1 

(8.732 mol/m’ + 4.366 mol/m' j 

(2x10 3 m) 

AC D ~ ( 

8.732 mol/m 3 - 4.366 mol/m 3 j 

lxlO" 5 m 2 /s 


56. We use the ideal gas law to find the length. 
PV = Pf=NkT -> / = | 


f NkT / 

1/3 

~(lxl0 6 )(l.38xl0“ 23 J/k)(273K) 

l P J 


(l.013xl0 5 Pa ) 


3 x 1 0" 7 m 


57. The rms speed is given by Eq. 18-5, v rms = ^3 kT / m . Elydrogen atoms have a mass of 1 atomic 
mass unit. 


3 kT 


m 


pi 

(1.38x10 23 J/K)(2.7 K) j 

260 m/s 

11 

(1.66x10 27 kg) 

1 1 


The pressure is found from the ideal gas law, PV = NkT . 


PV = NkT 


P = 


NkT _ (l)(l.38xl0" 23 J/k)(2.7 K) 


4 


V 


1 3 

1 cm 


6 3 A 


1x10 m 
lcm 3 


= 3.726x10 7 Pa 


1 atm 


1.01x10 Pa 


= 3.689 x 10 “ atm = 


3.7 x 10 "atm 
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58. We assume that each molecule will have an average kinetic energy of jkT . Find the total number of 
molecules from the mass of the bacterium. 


N = N u n + N , 

H-,0 other 


= 0.70(2.0xl0 _15 kg) 


lu 


^ 1 molecule ^ 


+ 


0.30(2. Ox l(T 15 kg) 


1.66x1 O'' 7 kg 
lu 


18u 


^ U molecule ^ 


1.66x10 kg 


v 10 5 u , 


lu 




0.70 


^ 1 molecule ^ 


18u 


+ 0.30 


J 


= (2.0xl0” ls kg) - 
1 'lj.66xHP'kg 

= 4.69xlO U) molecules 

K = N(ykT) = (4.69xl0 10 molecules)4(l.38xl0' 23 J/k)(310K) = 


^ l molecule ^ 
v 10 5 u , 


3xlO' 10 J 


59. The rms speed is given by Eq. 18-5. 

i 


(a) v = . 

k x rms 


3 kT 


m 


3(L38x10' 23 J/k)(310K) 


(89u)(l.66xl0“ 27 kg/u) 


= 294.7 m/s ~ 290 m/: 


(b) v = . 

v / rms 


3 kT 


3(L38x10' 23 J/k)(310K) 


m ^(S.SxloVJfl.hhxlO'^kg/u) 


= 9.537 m/s - 9.5 m/: 


/ 8 kT 

60. The mean (average) speed is given in E. 18-7b, v = . . Using the escape velocity as v, solve 

V 71 m 

for the temperature. 

(a) For oxygen molecules: T = 


7 lmv 2 ft 1 

(32.0) 

(l.66xl0” 27 kg) 

(l.l2xl0 4 m/sj 

2 

1 1 

1.90x10 5 K 

8k 


81 

(l.38xl0' 22 

; J/k) 

1 


( b ) For helium atoms: 


T = 


nmv 2 ft 1 

(4.00) 

(l.66xl0' 27 kg) 

(l.l2xl0 4 m/s) 2 

8k 


81 

(l.38xl0“ 23 

7/K) 

1 


2.37x10 K 


(c) Because the “escape temperature” is so high for oxygen, very few oxygen molecules ever 
escape the atmosphere. But helium, with one-eighth the mass, can escape at a much lower 

temperature. While the temperature of the Earth is not close to 2.37 x 10 4 K today, during the 
Earth’s formation its temperature was possibly much hotter — presumably hot enough that 
helium was able to escape the atmosphere. 


|6T] Calculate the volume per molecule from the ideal gas law, and assume the molecular volume is 
spherical. 

V kT _ 

~ 3 ' 


PV ~ NkT — = — = \nr 


N 


volume 


f 3 kT") 

1/3 

^ 3| 

(L38x10' 23 J/k)(273K) 

ii 

v 4 nP j 

r 

\n\ 

O 

X 

p 

' j 


= 2.07x10 'm 
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The intramolecular distance would be twice this “radius,” so about 4x10 9 m. This is about 130 


times larger than the molecular diameter: 


d 


4x10 m 


d . . 3x10 m 

molecule 


= 13.3. So if we say the molecular 


diameter is 4 cm, then the intermolecular distance would be 13.3 times that, or about [50 cm] 

62. (a) The mean speed is given by Eq. 18-7b. The atomic weight of cesium is 133. 

If} kT (8(i.38x10' 23 J/k)(673K) 

V Tim ]] tz" (133) (l.66xl0” 27 kg) 

( b ) The collision frequency is the mean speed divided by the mean free path as given by Eq. 18- 
10b. We also use the ideal gas law. 


327.3 m/s « 330 m/s 


N P 

PV = NkT -> — = — ; 

V kT 


/ 1 kT 

M An42r 2 {N/V) 47Ts/2r 2 P 


(l.38xl0“ 23 J/k)(673K) 


Ansfl ( 1 .65 x 10^ 10 m) 2 (l7mm-Hg) 


( 133Pa A 
1 mm-Hg 


= 8.49x10 m 


/ = 2— = - ’^ m { S = 3.855 x 10 7 collisions/s ~ 3.9xl0 7 collisions/s 


/, 8.49x10 m 

(c) The total number of collisions per second in the gas is the number of collisions per second for a 
single atom times half the number of atoms in the gas, because each collision involves 2 of the 
gas atoms. 

PV 

f =±Nf = f 

J total 2 J single ^ ^ J s 


single J single 


(17 mm-Hg) 


133Pa 
1 mm-Hg 


(55 cm 3 ) 


lm 3 


1 A 6 3 

10 cm 


2(L38x10' 23 J/k)(673K) 


-(3.855xl0 7 collisions/s) 


2.6x1 0 26 collisions/ s 


63. 


The gravitational potential energy is given by U = mgh , and the average kinetic energy is 
K = \mv 2 nm = ^ kT . We find the ratio of potential energy to kinetic energy. The molecular mass of 
oxygen molecules is 32 u. 

U mgh (32.0)(l.66xl0" 7 kg)(9.80m/s 2 )(l.00m) 

K~ \kT~ |(l.38xl0” 23 J/K)(293K) 


8.58 xlO -5 


Yes, it is reasonable to neglect the gravitational potential energy. 


64. Assume that the water vapor behaves like an ideal gas. At 20°C, the saturated vapor pressure is 
2.33xl0 3 Pa . Using the ideal gas law, find the number of moles of water in the air at both 95% and 
40%. Subtract those mole amounts to find the amount of water that must be removed. 

PV 

PV = nRT — > n = — > 

RT 
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1 1, -n 2 =—(P l -P 2 ) = ( 115m )( 2 - 8m ) / 2 33 x 10 3p a \ (o 95 _ o 40) = 169.4 mol 

RT y ’ (8.314J/mol-k)(293K) V A 7 


169.4 mol 


o 

X 

00 






3.0 kg 

/ 1 mol ) 




65. Find the volume “allotted” per molecule in the ideal gas law for a room at 1 atm and 23°C, and 
compare this to the volume of an actual molecule, modeled by a cubical volume. 

V kT 

pv = NkT — > V = — = — ■ V ~d i 

l r ivi\± 7 r u d > ' molecule u 

N P 

V . . d 3 Pd 3 (l.013xl0 5 Pa)(0.3xl0~ 9 m) 3 4 2 , 

molecule _ _ _v /v / - 6.6 x 1 0~ 4 = (6.6 x 1 Q- )%« 0,07% 


knotted k -L kT (l.38xl0- 23 J/K)(300K) 
P 


66. (a) The volume of each gas is half of the tank volume. Use the ideal gas law, with a pressure of 13 
atm, to find the number of molecules. 

PV 13(l.013xl0 5 PaU(3.1xl0 _3 m 3 ) 

PV = NkT -> N = = ^7 „ ’ - \ ’- = 5.048 xlO 23 molecules 

kT (l. 38x10 3 J/Kj(293K) 


5.0 xlO 23 molecules 


Both gases have the same number of molecules. The identity of the gas does not enter into the 
ideal gas law. 

(i b ) The average kinetic energy of a molecule is \kT . Since both gases are the same temperature, 


the ratio of the average kinetic energies is 1 1 : 1 1. 

(c) The average kinetic energy of a molecule is also given by Use this to find the ratio of 

the rms speeds. 

' ^ m 


l i 2\ / i 2\ 3 i r-r v \ ^rms / He 

^mv - jmv =^kT — > — = 4 

\ 2 rms / He V 2 rms /0 2 2 ( v \ A 

\ V rms Jo \ 


4 


67. The temperature can be found from the rms speed by Eq. 18-5, v rms = ^3kT/m . The molecular mass 
of nitrogen molecules is 28. 
v n m =^kT/m -> 


mv 

'T 1 rms 


3 k 


(28)(l.66xl0 27 kg) 

(4.2 xlO 4 km/h) 

( lm/s V 

-2 

v 3.6km/h y 


3(L38x10 _23 J/k) 


1.5x10 K 


68. We assume that the energy required to evaporate the water is the kinetic energy of the evaporating 
molecules. The rms speed is given by Eq. 18-5. 


E =\m v — » v = 

evap 2 evap evap evap 


2 E 


m 


I 2(2450 j) 
*(l. 00x10 3 kg) 


22 1 0 m/s 
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3 kT 


m 


i 


3(1.38x10-” J/K)(293K)^ ^ ^, = 2210m/ S 


18.0(l.66xl0" 27 kg) 


637 m/s 


3.47 


69. (a) At a temperature of 30°C, the saturated vapor pressure, from Table 18-2, is 4240 Pa. If the 

relative humidity is 65%, then the water vapor pressure is 50% of the saturated vapor pressure. 
0.65 (4240 Pa) = 2756 Pa - 12800 Pa 


( b ) At a temperature of 5°C, the saturated vapor pressure, from Table 1 8-2, is 872 Pa. If the 

relative humidity is 75%, then the water vapor pressure is 75% of the saturated vapor pressure. 
0.75 (872 Pa) = 654Pa = |650Pa 


70. First we find the pressure from the ideal gas equation. 

nRT (8.50mol)(8.314J/mol-k)(300K) 4 

P = = L = 9.6367x10 Pa = 

V 0.220 m 

Now find the pressure from the van der Waals equation. 


9.64x10 Pa 


P = 


RT 


nRT aiP 


( V/n)-b (V/n) 2 V-nb V 2 

(8.50mol) (8.314 J/mol-k) (300 K) 
(0.220m 3 ) - (8.50 mo l)(4.5xl0“ 5 m 3 /mol) 


(0.36N*m 4 /mol 2 ) (8.50 mol)" 

(0.220m 3 ) 2 


= 9.5997x10 Pa 


9.60x10 Pa 


r p -p ^ 

ideal van der 


% error = 


van der 
Waals 


xlOO = 


f 9.63 67 x 10 4 Pa - 9.5997 x 10 4 Pa^ 


9.5997 xlO 4 Pa 


xlOO « 0.39% 


) 


) 


71. The mean free path is given by Eq. 18- 10b. 
1 


AtT'Jip {N I V) A7Ts[2 ^0.5 x 10 "mj ^latom/ cm 3 )(10‘ cm 3 / m 3 ) 


2x1 0 1 m 


72. We combine the ideal gas law with Eq. 18- 10b for the mean free path. From problem 45, we se that 
the diameter of the average air molecule is 3 x 10 lu m. Since air is mostly nitrogen molecules, this is 
a good approximation for the size of a nitrogen molecule. 

N P 

PV = NkT -» — = — ; 

V kT 


4 = 


'm = 


1 


kT 


Aftsflr 2 (N/V) Ansflr 2 ( PjkT ) 4nj2r 2 P 
kT (l.38xl0~ 23 J/k)(300K) 


4 nJhr'P Ansfl ( 1 .5 x 1 0" 10 m)' 7.5 ( 1 .0 1 3 x 1 0 5 Pa ) 

Note that this is about 100 times the radius of the molecules. 


1.4x10 m 
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73. Assume that the water is an ideal gas, and that the temperature is constant. From Table 18-2, 
saturated vapor pressure at 90°C is 7.0 lx 10 4 Pa , and so to have a relative humidity of 10%, the 
vapor pressure will be 7.01xl0 3 Pa . Use the ideal gas law to calculate the amount of water. 


PV = nRT 

PV (7.01xl0 3 Pa)(8.5m 3 ) 


77 


III (8.314J/mol*K)(273 + 90)K 


- 19.74 moles 


f 18xl0~ 3 kg A 


V 


1 mole 


) 


0.36 kg 


74. Following the development of the kinetic molecular theory in the textbook, the tennis balls hitting 
the trash can lid are similar to the particles colliding with the walls of a container causing pressure. 
Quoting from the text, “the average force — averaged over many collisions — will be equal to the 
momentum change during one collision divided by the time between collisions.” That average force 
must be the weight of the trash can lid in order to suspend it. 

2/77. „V. „ 

^ ball ball 


„ „ At? 2/77, „v. „ 

F = M e ■ F = — - ■ 

avs lv± \iiS ’ avs 


At At M m g 

The above expression is “seconds per ball,” so its reciprocal will be “balls per second.” 


balls/s = -% 


2 ™ball V ball 


(0.50kg) (9.80 m/ s 2 ) 
2 (0.060 kg) (12 m/s) 


3.4 balls/s 


75. (a) The average time between collisions can be approximated as the mean free path divided by the 
mean speed. The highest frequency for a sound wave is the inverse of this average collision 
time. Combine the ideal gas law with Eq. 18- 10b for the mean free path, and Eq. 18-7b for the 
mean speed. 

1 1 kT 


PV = NkT 


A = / = 

V kT ’ M 


Anjlr 2 {N/V) Anjlr 1 ( P/kT ) Ansflr 2 P 


v = 


8 kT 


mn 


f = — = 

max £ 


V 


8 kT 
nm 


kT 


16 Pr 


n 


mkT 


\nj2r 2 P 

( b ) We have estimated the molecular mass of air to be 29 u in problem 16, and the average 
molecular diameter to be 3 x 10~ lu m in problem 48. 


f = 167V 2 

J max 


n 


’ mkT 


= 16(l.013xl0 5 Pa)(l.5xl0 _1 °m) 2 ^ 


n 


29(l.66xl0~ 27 kg)(l.38xl0“ 23 J/K_)(293K) 


4.6x10 Flz 


This frequency is about — — 

2.0x10 4 Hz 

audio range. 


2.3xl0 5 


larger than the highest frequency in the human 
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76. 


From section 1 8-2, the quantity 
/ (v) dv represents the number 

of molecules that have speeds 
between v and v + dv. So for a 
finite velocity range Av, the 
number of molecules with 
speeds between v and v + Av is 
approximately /(v)Av. If 

there are N total molecules, then 
the fraction with speeds between 
. f(v) Av 

vand v + Av is — — . We 

N 



assume that we have air molecules with a molecular mass of 29, as given in problem 16. 


/(v) = 4 nN 


m 


2nkT 


2 2 kT 

ve 


f(v) Av f 

— = 4 Mv 
N 


m 


2 nkT 


2 2 IrT 

ve 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4 ISM CH18.XLS,” on tab “Problem 18.76.” 


77. 


From section 18-2, the quantity / ( v) dv represents the number of molecules that have speeds 
between v and v + dv. The number of molecules with speeds greater than 1.5 times the most 


probable speed 



is | f ( v)dv . If there arc A' total molecules, then the fraction with 


speeds greater than 1.5v is — [ f(v)dv. Since — f / (vWv = 1 (see problem 22a), we calculate 

N ' N { 


N 

the desired fraction as follows. 

1.5v_ 


1 

N 


J/(v)r/v = l = -J- J f(v)dv + ^~ J f(v)dv 


N 


N 


N 


j f(v)dv = 1- — J f(v)dv 


We use a substation of variables to simplify the constants. 
/(v) = 4flw( 


/ \ 3/2 1 

' m ' 


v 


\2nkT j 
v 


v 2 e 2 kT 


V 2kTl 


m 


, 2kT 2 , 2 kT 

v = x — > dv = . 

m V m 


dx 


1 

N 


j f( v )dv = — j 4 nN 


/ \ 3/2 1 mv 2 1.5 

/ m \ 


\2nkT j 


2 9 kT 

ve 


dv = | An 


m 


^ 3/2 2 kT 


2nkT 


m 


2 -x 

x e 


2 kT 


-dx 


m 


1 


-i L 

2 -x 7 

x e dx 


4 r 2 2 4 ^ , 

To do the integral, we approximate it as this sum: — j= I x e ' dx ~ —j= / ,x, e 

v 0 "v /=! 


2 - ' Ax, where n = — 


L5 

Ax 


is the number of intervals used to approximate the integral. We start with Ax = 0.15 and then try 
smaller intervals until the answers agree to within 2%. Flere are the results of the numeric 
integration. 
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Ax 

n 

—j= y,x 2 e x ‘ Ax 

% diff. from previous answer 

0.15 

10 

0.8262 

— 

0.075 

20 

0.8074 

2.3 % 

0.03 

50 

0.7957 

1.4% 


We 


1 ’ 4 1 " 

approximate — [ f(v)dv = —/= [ x 2 e~ x dx ~ 0.7957, and so — [ f(v)dv = 1 -0.7975 
N J ' v hr J N J 

v o y o i.5v. 


= 0.2025 ~ 0.20 . Using more sophisticated software gives an answer of 0.21. The spreadsheet 
used for this problem can be found on the Media Manager, with filename “PSE4_ISM_CH18.XLS,” 
on tab “Problem 18.77.” 


78. 


For each temperature, a graph 
of pressure vs. volume was 
plotted, based on Eq. 18-9, 
RT a 

P ~ (V/n)-h~ (v/nf 

From the graphs, it would 
appear that the critical 
temperature fo r oxyge n is 
approximately 150 K . 

The spreadsheet used for this 
problem can be found on the 
Media Manager, with 
filename 


“PSE4_ISM_CH18.XLS,” on 
tab “Problem 18.78.” 


3.0 


2.0 


7 ? 1.0 

PLh 


Oh 


0.0 


- 1.0 


- 2.0 



0.0 


2.5 


5.0 


7.5 

V ( 1 0 4 m 3 ) 


10.0 


12.5 


15.0 
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CHAPTER 19: Heat and the First Law of Thermodynamics 


Responses to Questions 

[T] When a jar of orange juice is vigorously shaken, the work done on it goes into heating the juice 
( increasing the kinetic energy of the molecules), mixing the components of the juice (liquid and 
pulp), and dissolving air in the juice (froth). 

2. No. Energy > is exchanged between them, not temperature. Once the objects have reached thermal 
equilibrium, they will have the same temperature. However, their temperature changes will not 
necessarily be the same. 

3. (a) No. Because the internal energies of solids and liquids are complicated and include potential 

energies associated with the bonds between atoms and molecules, two objects may have 
different internal energies but the same temperature. Internal energy will also vary with the 
mass of the object. If two objects that are at different temperatures are placed in contact, there 
will be a net energy transfer from the hotter object to the colder one, regardless of their internal 
energies. 

(b) Yes. Just as in (a), the transfer of energy depends on the temperature difference between the two 
objects, which may not be directly related to the difference in internal energies. 

4. Plants are damaged if the water inside their cells freezes. The latent heat of water is large, so if the 
cells are plump with water, rather than dry, it will take more time for them to lose enough heat to 
freeze. Well-hydrated plants are therefore less likely to be damaged if the temperature dips below 
freezing for a short time. 

5. Because the specific heat of water is quite large, water can absorb a large amount of energy with a 
small increase in temperature. Water can be heated, then easily transported throughout a building, 
and will give off a large amount of energy as it cools. This makes water particularly useful in 
radiator systems. 

6. The water on the cloth jacket will evaporate. Evaporation is a cooling process since energy is 
required to change the liquid water to vapor. If, for instance, radiant energy from the sun falls on the 
canteen, the energy will evaporate the water from the cloth cover instead of heating the water inside 
the canteen. 

[ 7 ] When water at 100°C comes in contact with the skin, energy is transferred to the skin and the water 
begins to cool. When steam at 100°C comes in contact with the skin, energy is transferred to the skin 
and the steam begins to condense to water at 1 00°C. Steam bums are often more severe than water 
bums due to the energy given off by the steam as it condenses, before it begins to cool. 

8. Energy is needed to convert water in the liquid state to the gaseous state (latent heat). Some of the 
energy needed to evaporate molecules on the surface comes from the internal energy of the water, 
thus decreasing the water temperature. 

9. No. The water temperature cannot go above 100°C, no matter how vigorously it is boiling. The rate 
at which potatoes cook depends on the temperature at which they are cooking. 
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10. Whether an animal freezes or not depends more on internal energy of the mass of air surrounding it 
than on the temperature. Temperature is a measure of the average kinetic energy of the molecules in 
a substance. If a mass of air in the upper atmosphere has a low density of fast moving molecules, it 
will have a high temperature but a low internal (or thermal) energy. Even though the molecules are 
moving quickly, there will be few collisions, and little energy transferred to the animal. The animal 
will also be radiating thermal energy, and so will quickly deplete its internal energy. 

1 1 . Energy is transferred from the water vapor to the glass as the water vapor condenses on the glass and 
then cools from the temperature of the surrounding air to the temperature of the glass. The glass (and 
the cold water inside) will heat up. No work is done, but heat is exchanged. 

12. When a gas is compressed, work must be done on it by some outside force, such as a person pushing 
a piston. This work becomes the increase in internal energy of the gas, and if no gas is allowed to 
escape, an increase in internal energy results in faster average molecular speeds and a higher 
temperature. When a gas expands, it does work on the piston. If the gas is insulated so that no heat 
enters from the outside, then the energy for this work comes from the internal energy of the gas. A 
decrease in internal energy with no change in the number of molecules translates into a decrease in 
average molecular speed and therefore temperature. 

13. In an isothermal process, the temperature, and therefore the internal energy, of the ideal gas is 
constant. From the first law of thermodynamics, we know that if the change in the internal energy is 
zero, then the heat added to the system is equal to the work done by the system. Therefore, 3700 J of 
heat must have been added to the system. 

14. Snow consists of crystals with tiny air pockets in between the flakes. Air is a good insulator, so when 
the Arctic explorers covered themselves with snow they were using its low thermal conductivity to 
keep heat from leaving their bodies. (In a similar fashion, down comforters keep you warm because 
of all the air trapped in between the feathers.) Snow would also protect the explorers from the very 
cold wind and prevent heat loss by convection. 

15. Wet sand has been cooled by conduction (ocean water is usually cooler than the beach) and 
continues to be cooled by evaporation, and so will be cooler than dry sand. Wet sand will also feel 
cooler because of the thermal conductivity of water. The water in the sand will also cool your feet by 
evaporation. 

16. Hot air furnaces often depend on natural convection. If the return air vent is blocked, convective 
currents in the room will not occur and the room will not be heated uniformly. 

17. Yes. This is the case for any isothermal process or a process in which a substance changes state 
(melting/freezing, or condensing/evaporating). 

18. Metabolism is a biochemical process by which living organisms get energy from food. If a body is 
doing work and losing heat, then its internal energy would drop drastically if there were no other 
source of energy. Metabolism (food) supplies this other source of energy. The first law of 
thermodynamics applies because the energy contributions from metabolism are included in Q. 

19. When a gas is heated at constant volume, all of the energy added goes into increasing the internal 
energy, since no work is done. When a gas is heated at constant pressure, some of the added energy 
is used for the work needed to expand the gas, and less is available for increasing the internal energy. 
It takes more energy to raise the temperature of a gas by a given amount at constant pressure than at 
constant volume. 
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20. An adiabatic compression is one that takes place with no exchange of heat with the surroundings. 
During the compression, work is done on the gas. Since no heat leaves the gas, then the work results 
in an increase in the gas’s internal energy by the same amount, and therefore an increase in its 
temperature. A E mt = Q - W, so if Q = 0 then AA inl = -W. 

2 1 . AE mt is proportional to the change in temperature. The 

change in the internal energy is zero for the isothermal 
process, largest for the isobaric process, and least Pressure 

(negative) for the adiabatic process. The work done, W, 
is the area under the curve and is greatest for the isobaric 
process and least for the adiabatic process. From the first 
law of thermodynamics, Q is the sum of A E mt and W and 
is zero for the adiabatic process and maximum for the 
isobaric process. 

22. In general, cooler air will be nearer the floor and warmer 
air nearer the ceiling. The fan operating in either direction 
redistributes the air by creating convection currents. Set 
the fan so that it will blow air down in the summer, 
creating a breeze, which has a cooling effect by increasing evaporation. In the winter, set the fan so 
that it pulls air up. This will cause convection currents which will help mix warm and cool air 
without creating a direct breeze. 

23. The actual insulating value comes from the air trapped between the down feathers. The more air is 
trapped, the greater the loft, and the lower the rate of thermal conduction. So loft determines the 
warmth of the sleeping bag or parka. 

24. The use of “fins” increases the surface area of the heat sink. The greater the surface area, the more 
heat can be given off from the chip to the surroundings. 

25. On a sunny day, the land heats faster than the water. The air over the land is also heated and it rises 
due to a decrease in density. The cooler air over the water is then pulled in to replace the rising air, 
creating an onshore or sea breeze. 

26. At night, the Earth cools primarily through radiation of heat back into space. Clouds reflect energy 
back to the Earth and so the surface cools less on a cloudy night than on a clear one. 

27. In direct sunlight, the solar radiation will heat the thermometer to a temperature greater than the 
surrounding air. 

28. A premature baby will not have a well developed metabolism and will not produce much heat but 
will radiate heat to its surroundings. The surface of the incubator must be warmed so that the surface 
radiates sufficient heat back to the baby. In addition, a premature baby’s skin is underdeveloped and 
the baby tends to lose moisture by evaporation. Since evaporation is a cooling process, this may 
dangerously cool the baby even in a warm incubator. The air in the incubator needs to be humid as 
well as warm. Finally, premature babies tend to have very little fat under the skin, so they are not 
well insulated, and have trouble maintaining body temperature without assistance. 

29. If a house is built directly on the ground or on a slab, it can only lose energy through the floor by 
conduction. If air can circulate under the house, then energy loss also can occur due to convection 
and evaporation, especially if air is moving through the space. 
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30. A thermos bottle is designed to minimize heat transfer between the liquid contents and the outside 
air, even when the temperature difference is large. Heat transfer by radiation is minimized by the 
silvered lining. Shiny surfaces have very low emissivity, e, and thus the net rate of energy flow by 
radiation between the contents of the thermos and the outside air will be small. Heat transfer by 
conduction and convection will be minimized by the vacuum between the inner and outer walls of 
the thermos, since both these methods require a medium to transport heat. 


31 


Water has a greater thermal conductivity than air. Water at 22°C will feel cooler than air at the same 
temperature because the rate of heat transfer away from the body will be greater. 


32. The south- facing windows will allow radiant heat from the sun to enter the room to contribute to the 
heating, so that less heat will need to be provided internally. 

33. (a) (1) Ventilation around the edges: convection; (2) through the frame: conduction; (3) through the 

glass panes: conduction and radiation. 

(b) Heavy curtains help prevent all three mechanisms for heat loss. They physically block 
convection currents and they are opaque and insulating and therefore reduce heat loss by 
radiation and conduction. 


34. When the sun reaches the slope of the mountain early in the day, the ground is warmed by radiation. 
The air above the ground is also warmed and rises by convection. This rising air will move up the 
slope. When the slope is in shadow, the air cools and the convection currents reverse. 

35. Wood has a much lower thermal conductivity than metals and so will feel cooler because the rate of 
heat transfer away from the hand will be less. 


36. Shiny surfaces have low values of e, the emissivity. Thus, the net rate of heat flow from the person 
to the surroundings (outside the blanket) will be low, since most of the heat is reflected by blanket 
back to the person, and the person will stay warmer. The blanket will also prevent energy loss due to 
wind (convection). 


37 


The temperature of the air around cities near oceans is moderated by the presence of large bodies of 
water which act like a heat reservoir. Water has a high heat capacity. It will absorb energy in the 
summer with only a small temperature increase, and radiate energy in the winter, with a small 
temperature decrease. 


Solutions to Problems 


In solving these problems, the authors did not always follow the rules of significant figures rigidly. We 
tended to take quoted temperatures as correct to the number of digits shown, especially where other 
values might indicate that. 


[l] The kcal is the heat needed to raise 1 kg of water by 1 C° . Use this relation to find the change in the 
temperature. 


(8700J) 


/ 1 kcal ' 

|(lkg)(lC”) 

r i ^ 

V 4 1 86 J J 

1 kcal 

I3.0kgj 


= 0.69 C° 


Thus the final temperature is 10.0°C + 0.69°C = |10.7°C 
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2. Find the mass of warmed water from the volume of water and its density of 1000 kg/m 3 . Then use 
the fact that 1 kcal of energy raises 1 kg of water by 1 C° , and that the water warms by 25 C° . 


V = At = — -» m - pAt = (l025kg/m 3 )(l.0m 2 )(0.50xl0~ 3 m) = 0.5125kg 
(0.5125kg) (25C°) , ( lkcal ) =l2.8kcal ; 12.8kcal 


^ 1 bar ^ 


(lkg)(lC°) 


300 kcal 


0.043 bars 


3. (a) 2500 Cal 


(b) 2500 Cal 


^4.186x10 3 J A 


1 Cal 
1 kWh 
860 Cal 


1.0x10 J 


' 

2.9 kWh 

) 



(c) At 10 cents per day, the food energy costs $0.29 per day . It would be practically impossible 


to feed yourself in the United States on this amount of money. 

Assume that we are at the surface of the Earth so that 1 lb is equivalent to 0.454 kg. 
lBtu = (l lb) (IP) 


( 0.454 kg ^1 

f 5/9 C° ^ 

1 kcal 

l Hb J 

l 1F° J 

(lkg)(lC=) 


■ = 0.2522 kcal - 0.252 kcal 


0.2522 kcal 


4186 J 
1 kcal 


1056J 


5. The energy generated by using the brakes must equal the car’s initial kinetic energy, since its final 
kinetic energy is 0. 


Q = \m\r =^(l.2xl0 3 kg) 


(4.178xl0 5 j)f-^ 1 - | = 99.81 kcal > 
V ^ V 4186 J 


) (95 km/h) 

/ lm/s V 

-2 

= 4.178x10 5 J « 

4.2x10 5 J 

^3.6km/h y 





1.0x10- kcal 


6. The wattage rating is 350 Joules per second. Note that 1 L of water has a mass of 1 kg. 


(2.5 x 10 1 l) I ](60C°) 


1 L 


1 kcal 


(Ikg)OC’) 


4186 J 
kcal 


Is 

350 J 


180s = 3.0 min 


[ 7 ] The heat absorbed can be calculated from Eq. 19-2. Note that 1 L of water has a mass of 1 kg. 


Q = me AT = 

(l 8 L) 

/ 1x10 3 m 3 ^ 

f 1.0xl0 3 kg^j 

(4186 J/kg.C°) (95°C - 15°C) = 

6.0x10 6 J 



V 1 L J 

[ 1 nr )_ 




The specific heat can be calculated from Eq. 19-2. 

Q 1.35x10 5 J 


Q = me AT 


c = 


mAT (5.1 kg)(37.2 o C-18.0°C) 


= 1379J/kg*C° = 1400J/kg-C° 
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9. (a) The heat absorbed can be calculated from Eq. 19-2. Note that 1 L of water has a mass of 1 kg. 


Q = mcAT = 


(l.OL) 


-3 3 \ 


1x10 m 
1 L 


3l,„A 


1.0x10 kg 
1 m 3 


(4186 J/kg-C°) (100°C - 20°C) 


= 3.349 xl0 5 J: 


3.3x10 J 


(. b ) Power is the rate of energy usage. 

AE Q Q 3.349x10 5 J 

P = = — -> At = — = 

At At P 100 W 


3300s 


: 56 min 


10. The heat absorbed by all three substances is given by Eq. 19-2, Q = me AT . Thus the amount of 

0 


mass can be found as m = 
substances. 


cAT 

Q . 0 


The heat and temperature change are the same for all three 
Q 111111 


c„ AT c..AT c„ n A T c r c.. c„ n 

Cu A1 H 2 0 Cu A1 H 2 0 

4186 4186 4186 


390 900 4186 


= 10.7:4.65:1= 11:4.7:1 


390 900 4186 

1 1 . The heat must warm both the water and the pot to 1 00°C. The heat is also the power times the time. 
Q = Pt = (m Al c Al + m up c up ) A T Hfi -» 

KifAl +»V c h,o) A7 ; 2 o _ [(0.28kg) (900J/kg-C°) + (0.75 kg)(4186J/kg-C°)](92C 0 ) 

P 750 W 


= 416s = 420s or 6.9min 


12 . 


The heat lost by the horseshoe must be equal to the heat gained by the iron pot and the water. Note 
that 1 L of water has a mass of 1 kg. 

WI shoe C Fc (^shoe _ ^eq ) /W pot C Fe ( ^cq _ ^pot ) /?2 H,0 C H,0 ( ^cq _ ^H,0 ) 

(0.40 kg)(450J/kg-C°)(r hoe -25.0°C) = (0.30 kg)(450J/kg.C o )(25.0 o C-20.0°C) 

+ (1.05 kg) (4186 j/kg-C°) (25.0°C- 20.0°C) 


^„e = 1504 


C= 150°C 


13. The heat gained by the glass thermometer must be equal to the heat lost by the water. 

W glass C glass (^eq _ ^glass ) — W H,0 C H,0 (^H,0 _ ^eq ) 

(31.5 g) (0.20cal/g*C°)(39.2°C -23.6°C) = ( 135 g) (l.00cal/g*C°)( T H 0 - 39.2°c) 


T = 

H,0 


39.9°C 


14. The heat released by the 15 grams of candy in the burning is equal to the heat absorbed by the 
aluminum and water. 

0i5g = ( W A1 C A1 /W H 2 0 C H 2 0 ) ^ 

candy 
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= [(0.325 kg + 0.624 kg) (0.22kcal/kg»C°) + (2.00 kg)(l.00kcal/kg*C o )](53.5°C -15.0°C) 
= 85.04 kcal 

The heat released by 65 grams of the candy would be 65/15 times that released by the 15 grams. 
065 g =§e i5g =§(85.04 kcal) = 369 kcal : 


candy 


candy 


370 Cal 


15. The heat lost by the iron must be the heat gained by the aluminum and the glycerin. 

™Fe C Fe (^Fe “ T cc t ) = ™A1 C A1 (^eq “ T i M ) + W gly C gly ( ^eq “ ^gly ) 

(0.290 kg) (450 J/kg»C°) (142C 0 ) = (0.095 kg)(900J/kg-C o )(28C°) + (0.250 kg)c gly (28C°) 


"giy 


= 2305J/kg*C° = 2300J/kg-C° 


16. (a) Since Q = me AT and Q = CAT , equate these two expressions for Q and solve for C . 
Q = me AT = CAT — •> C = me 


( b ) For 1.0 kg of water: C = me = ( 1.0 kg)(4186j/kg»C°) = 4200j/C 


(c) For 35 kg of water: C = me = (35 kg) (4186 j/kg*C°) = 1.5x10" j/c 


17. We assume that all of the kinetic energy of the hammer goes into heating the nail. 
KE = Q -» 10 (iw tamr vi raH ) = w nia c ft Ar -> 

10^2 ^hammer ^hammer )_ 5(1.20 kg)(7.5m/s) 2 


AT = ■ 


(0.014 kg) (450 j/kg-C°) 


■ = 53.57 C° ■ 


54 C c 


18. The silver must be heated to the melting temperature and then melted. 

(Q = Q, +(Q - me AT + mL 

-^heat melt fusion 

= (26.50 kg) (230 j/kg-C°) (961°C - 25°C) + (26.50 kg) (o.88x 10 5 j/kg) = 


1.0x10 J 


19. | Assume that the heat from the person is only used to evaporate the water. Also, we use the heat of 
vaporization at room temperature (585 keal/kg), since the person’s temperature is closer to room 
temperature than 100°C. 


Q = mL m = — = l<( f l1 = 0.308 kg = 10.31 kg 


L 


585kcal/kg 


= 310 mL 


20. Assume that all of the heat lost by the ice cube in cooling to the temperature of the liquid nitrogen is 
used to boil the nitrogen, and so none is used to raise the temperature of the nitrogen. The boiling 
point of the nitrogen is 77 K = -196°C . 

( \ 

m c T —T 

ice ice ice ice 

initial final J 


— in . L — y 

nitrogen vap 


m 


nitrogen 


m c. 

ice ice 

r \ 

T -T. 

ice ice 

y initial final J 

1 

( 3 .5 x 1 CT 2 kg ) ( 2 1 00 J /kg*C° ) ( 0°C — 1 96°C ) 


7.2xl0 _2 kg 

L 


200 xlO 3 J/kg 
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21. ( a ) The energy absorbed from the body must warm the snow to the melting temperature, melt the 

snow, and then warm the melted snow to the final temperature. 

Q -Q + Q „ + Q -me AT + mL . + me.. ..AT -m\c AT + L + c.. ..AT 1 

■z~-a warm -^melt warm snow 1 fusion liquid 2 |_ snow 1 fusion liquid 2 _] 

snow liquid 

= (l.O kg)[(2100J/kg*C o )(l0C°) + (3.33xl0 5 j/kg) + (4186J/kg*C°)(37C°)] 

= 5,lxl0 5 j| 

(b) The energy absorbed from the body only has to warm the melted snow to the final temperature, 
a = Shea, - ™c^AT 2 = (1.0 kg)(4186J/kg.C°) (35C°) = | l.5xl0 5 J 

liquid 

22. ( a ) The heater must heat both the boiler and the water at the same time. 

0! = P b = ( ™Fe C Fe + "Vo C H 2 0 ) AT 

_ (m^+m^c^AT _ [(l80kg)(45Qj/kg.C°) + (730kg) (4186j/kg-C 0 )](82C 0 ) 

1 P 5.2xl0 7 J/h 

= 4.946 h = |4.9h 

( b ) Assume that after the water starts to boil, all the heat energy goes into boiling the water, and 
none goes to raising the temperature of the iron or the steam. 

m u L (730kg)(22.6xl0 5 J/kg) 

/o — z>+ — ™ t K ^ _ H T vap _ v ! 1 - 2,1 727 h 


O. = Pf, = m u n L 

Z-'l 2 H,0 vt 


5.2 xlO 7 J/h 


Thus the total time is t x + 1 2 - 4.946h + 31.727h = 36.673h = 37h 


23. We assume that the cyclist’s energy is only going to evaporation, not any heating. Then the energy 
needed is equal to the mass of the water times the latent heat of vaporization for water. Note that 1 L 
of water has a mass of 1 kg. Also, we use the heat of vaporization at room temperature (585 
keal/kg), since the cyclist’s temperature is closer to room temperature than 100°C. 

Q = m U0 L = (8.0 kg) (585kcal/kg) = |4700kcal 


24. The heat lost by the aluminum and the water must equal the heat needed to melt the mercury and to 
warm the mercury to the equilibrium temperature. 


W AI C A, ( 

> ^ 

1 

X) 

)+«v 

c (T - 

, "h 2 o \ h 2 o 

T ) = 

eq / 

W Hg[ 

■^fusion ^Hg ( 

T - 

eq 

T )~| 

± melt / J 

L = 

™A, C AI ( 

T-T 

A1 eq 

) + m wo c wo 

(t 

\ h 2 o 

-T ' 

eq , 

--c (T — 

T 

1 

fusion 



m u g 



C Hg V eq 

* melt y 

I 


[(0.620 kg) (900 J/kg-C°) + (0.400 kg) (4186 J/kg-C°)] (12.80°C - 5.06°C) 

1.00 kg 

- (138 j/kg-C°) [5.06°C - (-39.0°C)] 

1.12 xlO 4 J/kg 
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25 


The kinetic energy of the bullet is assumed to warm the bullet and melt it. 
l mv 2 =Q = mc n (7 elt - T mtial ) + mL (usmn -» 

v = V 2 [c Pb (T elt - 3TJ + ^ J = ^[(130 J/kg-C°) (327°C - 20°C) + (o.25x 10 5 j/kg)] 


360 m/s 


26. Assume that all of the melted ice stays at 0°C, so that all the heat is used in melting ice, and none in 
warming water. The available heat is half of the original kinetic energy 


— > 


i(i m s ^y) = Q = 

ater v 2 _ |(58kg)(7.5m/s) 2 


m, = ■ 


3.33 xlO 5 J/kg 


2.4xl0“ 3 kg = 2.4g 


27. Segment A is the compression at constant pressure. Since the 
process is at a constant pressure, the path on the diagram is 
horizontal from 2.0 L to 1.0 L. 

Segment B is the isothermal expansion. Since the temperature is 
constant, the ideal gas law says that the product PV is constant. 
Since the volume is doubled, the pressure must be halved, and so 
the final point on this segment is at a pressure of 0.5 atm. The 
path is a piece of a hyperbola. 



(L) 


Segment C is the pressure increase at constant volume. Since the process is at a constant volume, the 
path on the diagram is vertical from 0.5 atm to 1.0 atm. 


28. (a) The work done by a gas at constant pressure is found from Eq. 19-9a. 
W = PAV = (l atm) 


f 1.01xl0 5 Pa^ 

(l8.2 m 3 -12.0 m 3 ) = 6.262xl0 5 J = 

6.3x10 5 J 

v 1 atm y 

V / 1 



(. b ) The change in internal energy is calculated from the first law of thermodynamics 
AZi^ -Q-W - (1250 kcal) [ 


j 4186 J | 

- 6.262 xl0 5 J = 

4.60x10 6 J 

v 1 kcal ) 




29. (a) Since the container has rigid walls, there is no change in volume. 


W = PAV = 0 J 


(i b ) Use the first law of thermodynamics to find the change in internal energy. 


A£L =Q- W = (-365 kj) — 0 = |— 365 kJ 


30. Segment A is the isothermal expansion. The 

temperature and the amount of gas are constant, so 
PV = nRT is constant. Since the pressure is 
reduced by a factor of 3.5, the volume increases by 
a factor of 3.5, to a final volume of 3.5 L. Segment 
B is the compression at constant pressure, and 
segment C is the pressure increase at constant 
volume. The spreadsheet used for this problem can 
be found on the Media Manager, with filename 
“PSE4_1SM_CH19.XLS,” on tab “Problem 19.30.” 
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|31. (a) No work is done during the first step, since the volume is constant. The work in the second step 
is given by W = PAV . 


W -PAV = (1.4 atm) 


^1.01xl0 5 Pa A 
1 atm 


(9.3L-5.9L) 


^lxlO _3 m A 

1L 


480 J 


0J 


(. b ) Since there is no overall change in temperature, AE m[ = 

(c) The heat flow can be found from the first law of thermodynamics. 


A E mt =Q-W -» Q = A E mt + W = 0 + 480 J = 480 J (into the gas) 


32. (a) See the diagram. The isobaric expansion 
is just a horizontal line on the graph. 

(. b ) The work done is found from Eq. 19-9a. 
W = PAV 


: (455 N/m 2 ) (8.00 m 3 - 2.00 m 3 ) 


2730J 


The change in internal energy depends on 
the temperature change, which can be 
related to the ideal gas law, PV = nRT . 

A E int = \nRAT = f (nRT 2 - nRf ) 


4.10x10 J 



= ![W - [PV) J = I PW = \W = t(2730 J) = | 

(c) For the isothermal expansion, since the volume expands by a factor of 4, the pressure drops by a 
factor of 4 to 1 14 N/m 2 . The spreadsheet used for this problem can be found on the Media 
Manager, with filename “PSE4_ISM_CH19.XLS,” on tab “Problem 19.32.” 

( d) The change in internal energy only depends on the initial and final temperatures. Since those 
temperatures are the same for process (B) as they are for process (A), the internal energy change 

is the same for process (B) as for process (A), 4.10xl0 3 J 


33. ( a ) The work done by an ideal gas during an isothermal volume change is given by Eq. 19-8 


V. 


W = nRT\n— = (2.60 mol) (8.314 j/mol-K) (290 K) In 


7.00 m 3 


= 4345.2 J • 


4350J 


V } ' ' ' ' ' ' ' 3.50m 

(. b ) Since the process is isothermal, there is no internal energy change. Apply the first law of 
thermodynamics. 

A£ int -Q-W-0 -> Q = W = | 


4350J 


(c) Since the process is isothermal, there is no internal energy change, and so 


AE =0 


34. (a) Since the process is adiabatic, Q = |0 J 


( b ) Use the first law of thermodynamics to find the change in internal energy. The work is done on 
the gas, and so is negative. 


A EL -Q-W = 0-(-2850J) = |2850 J 


(c) Since the internal energy is proportional to the temperature, a rise in internal energy means a 
rise in temperature. 
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35. Since the expansion is adiabatic, there is no heat flow into or out of the gas. Use the first law of 
thermodynamics to calculate the temperature change. 

A E mt =Q-W -» ±nRAT = 0-W -» 


W 

at = -§ — = - 


2(7500 J) 


nR 3(1.5 mol) (8.315 j/moMt) 


= -401 K = 


-4.0xl0-K 


36. (a) The initial volume of the water is found from its mass and density. The final volume is found 
from the ideal gas law. The work done at constant pressure is given by Eq. 19-9a. 


V = — = 


(1.00 kg) 


1 p (l.00xl0 3 kg/ m’ ) 

(1.00 kg) 


= 1.00xl0" 3 m 3 


b 1 mol ^ 


v 2 =- 


nRT 


0.018 kg 


( 8.315 J/mohK) (373 K) 


1.013x10 Pa 


■ = 1.70m 


Note that the initial volume is negligible. We might have assumed that since the original state 
was liquid, that the gas volume was 0 to begin with, without significant error. 


1.72x10 J 


W = PAV = (l.013xl0 s Pa)( 1.70 m 3 ) = 1.722xl0 5 J = 

(b) The heat added to the system is calculated from the latent heat of vaporization. Then the first 
law of thermodynamics will give the internal energy change. 

Q = mL v = (1.00 kg) (2260 kj/kg) = 2260 kJ = 2.26xl0 6 J 


AE int = Q-W = 2.26x10 6 J-1.72x10 5 J = 


2.09x 10 J 


|37.| The work done by an ideal gas during an isothermal volume change is given by Eq. 1 9- 

= -236 J 


W = nRTkJ-^ = P K V A ln^- = ( 1 .013 x 10 5 Pa) (3.50xl(T 3 m 3 ) 


1.80 l'' 

In 


v 3.50L j 


The work done by an external agent is the opposite of the work done by the gas, 236 J . 


38. For the path ac, use the first law of thermodynamics to find the change in internal energy. 
A E =Q -W = -63 J - (-35 J ) = -28 J 

mt -s-'ac ac V / 

ac 


Since internal energy only depends on the initial and final temperatures, this AZi int applies to any 
path that starts at a and ends at c. And for any path that starts at c and ends at a, 

A E , = -A E = 28 J. 

int mt 

ca ac 


(a) 

(b) 


Use the first law of thermodynamics to find Q dbc . 

AE =Q h -W h -» Q h = AE +W h =-28J + (-54j) 

mt •s-'abc abc • s --abc mt abc \ / 

abc abc 

Since the work along path be is 0, lT bc = W ab = P b AV b -P b (V b 
along path da is 0. 

K, = K, = pAK a =p&-K) = (K -K) = -iK b ,= 


-82 J 


— V). Also note that the work 

a / 


-K-54J) 


27 J 
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(c) Use the first law of thermodynamics to find Q abc . 

A E.=Q.-W a -> Q, = AE +W„ =28J + 27J = f55J 

mt -s-'cda cda ^cda int cda 


int ^cda cda 

cda 


^cda int cda 

cda 


{d) As found above, E mta - E mlc = A E. m = -AE mt = [28J 

ca ac 

(e) Since E. E. , = 12J, E. t ,=E. t +12J and so AE =E , -E. t ,=E., -(e . +12 j) 

V / int,d int,c ‘ int,d int,c int int, a int,d int, a \ int,c / 

da 

which then gives A E M = A E int - 12 J = 28 J - 12 J = 16 J. Use the first law of thermodynamics to 


int int 

da ca 


find Q il:: . 

M mt =Q b ~K ^=^+^ = 161 + 0 = 1161 


int ^da da 

da 


39. We are given that g ac = -85 J, W ac = -55 J, W. = 38 J, £, nu - E.. b = A E M = 15 J, and P = 2.2 P t 


int, a int,b int 

ba 


(a) Use the first law of thermodynamics to find E mVi - E mtc = A E m . 


AE =-AE =-(Q -W ) = -(-85 J — 55 j) = [30J 

mt int \ -s-'-ac ac / \ / 


(. b ) Use the first law of thermodynamics to find Q ah . 

A E , =C> -W, -> Q , = AE. +W„ =AE +W A = 30 J + 38 J = [68J 

int ^cda cda ^cda int cda int cda 


int ^cda cda 

cda 


■^cda int cda int cda 

cda ca 


(c) Since the work along path be is 0, W abc = W ab = P AV ab = P (V b - V a ) . 

W h = W h = PAV h = P(V h -V) = 2.2P,(V -V\ = -2.2 W a = -2.2(38 j) = |-84 J 

abc ab a ab a\b a/ d\c d/ cda \ / 

( d) Use the first law of thermodynamics to find Q iihc . 

&E.=Q h -W h -» Q. =AE +W . = AE. . + W. - -30 J-84J = 1—114 J 

int ^abc abc ^Aabc int abc int abc — 


int ^abc abc 

abc 


--abc int abc int abc 

abc ac 


(e) Since E] mji - E mlb = 15 J E mtb = £ inta - 15 J , we have the following. 

A E =E , - E. .. = E. . -(E , -15 j) = AE . +15 J = -30 J + 15 J = —15 J . 

mt int,c int,b int,c \ int,a / int 

be ac 

Use the first law of thermodynamics to find Q bc . 

AE. = Q -W„ -» Q. = A E, + W h = -15 J + 0 = 1—15 J 

mt ^Abc be i-'bc int be 


int ^bc be 

be 


^bc int be 

be 


40. (a) Leg ba is an isobaric expansion, and so the work done is positive. 

Leg ad is an isovolumetric reduction in pressure, and so the work done on that leg is 0. 

Leg dc is an isobaric compression, and so the work done is negative. 

Leg cb is an isovolumetric expansion in pressure, and so the work done on that leg is 0. 

(b) From problem 38, W ciki = W ci + W ia - 38 J, so JU adc = W ai + W ic = -38 J. Also from problem 38, 

JU bc = -84 J, and so JU ba = W ch + W hi - 84 J. So the net work done during the cycle is as follows. 
W =W b +W,+W a +W b - 84J - 38 J = [46J 

net ba ad dc cb 

(c) Since the process is a cycle, the initial and final states are the same, and so the internal energy 
does not change. 

A £ mt =0 
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(d) Use the first law of thermodynamics, applied to the entire cycle. 
A E=Q,-W, -» Q ,=AE \+W , = 0 + 46J = f46J 

int ^--net net ^--net mt net 


(e) From problem 39(6), we have Q. Kk = -68 J. This is the exhaust heat. So the input heat is found 
as follows. 

Q ,=Q „+2h = -68 J + Q, = 46J -> 0 A =114J = g , 

-s^-net -*-^acd -s-'-dca -s-^dca -*-^dca input 

W 46 T 

efficiency = — — x 1 00 = x 1 00 = 40% (2 sig. fig. ) 

Q , 1 14 J V ' 

z-' input 


2 

41. The work is given by W = j PdV . The pressure is given by the van der Waals expression, Eq. 18-9, 

v, 

with n = 1.00. The temperature is held constant. We will keep the moles as n until the last step. 


r 2 ' 2 

w = j PdV = | 


v -„ (y 


RT a r( nRT an ] - , . an 

7 — dV = \ — dr = »«nn(F-to) + — 


V-bn V 1 


= nRT\n(V 2 -bn)-\ nRT\n(V { - bn) H =nRT In 


( V 2~ bn ) 
(K -bn) 


+ an 


(v -b) ( i n 

We evaluate for n = 1.00 mol, to get W = RT In— - + a . 

(K-b) f rj 


42. For a diatomic gas with all degrees of freedom active, the internal energy is given by E int =^nRT . 
E mi -\nRT = \ (4.50mol)(8.314J/mol-K)(645K) = |8.45xl0 4 J 


If there are no heat losses or mass losses, then the heating occurs at constant volume, and so Eq. 19- 
10a applies, Q = nC v AT. Air is primarily made of diatomic molecules, and for an ideal diatomic 

gas, C v =jR. 

PV 

Q = nC y AT = f nRAT = f -2-2- AT -» 


2 OT 2 1.8xl0 6 j)(293K) 

AT = \ — = 43.12K~ 43 C° 

5 PV 5 (l. 013 xlO 5 Pa) (3. 5 m) (4.6m) (3.0m) 


44. For one mole of gas, each degree of freedom has an average energy of \RT , so the internal energy of 
a mole of the gas is as follows. 

E M =n(\RT) = C r T -> C V =\^R 

C p = C v +R = -R + R = -R + -R = \Un + 2)R 
2 2 2 ^ 1 
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45. Since the gas is monatomic, the molar specific heat is given by C v = \R . The molar specific heat is 
also given by C v = Mc v , where Mis the molecular mass. Equate these two expressions to find the 
molecular mass and the identity of the gas. 

3 R _ 3(8.314j/mol-K) lkcal lOOOg 


C V =±R = Mc v 


M = 


2c v 2(0.0356kcal/kg-C°) 4186J 1kg 


83.7g/mol 


From the periodic table, we see that the gas is | krypton | , which has a molecular mass of 83.6 g/mol. 


46. The process is adiabatic, and so the heat transfer is 0. Apply the first law of thermodynamics. 
AE mt = Q-W = 0-W -> W = -AE mt =-nC v AT = nC v (T t -T 2 ) 


47. If there are no heat losses, and no work being done, then the heat due to the people will increase the 
internal energy of the air, as given in Eq. 19-12. Note that air is basically diatomic. Use the ideal 
gas equation to estimate the number of moles of air, assuming the room is initially at 293 K. 

PV 
RT 
RT 0 Q 


Q = A£i nt = nC v AT ; n = — > 

Q Q _RT 0 Q RT 0 Q _ 2 T 0 Q 


A T = 


nC„ 


PV 

^ C v 

RT 


PV c 

1 o v or-'v 


PV 1 R 5 PV 

1 0 r 0 2 u± (y 0 


2(293K) 


( 70W i 

(l800people) (7200s) 

^person J 


5(l. 013x1 0 5 Pa )(2.2xl0 4 m 3 ) 


= 47.7 K ; 


48 C° 


48. (a) First find the molar specific heat at constant volume, then the molar specific heat at constant 
pressure, and then finally the specific heat at constant pressure. 


C v =Mc v =(0.034 kg/mol) (0.182 kcal/kg-K) 


^ 10 3 cal^ 
lkcal 


= 6.188cal/mol*K 


C p C v +R (6.188cal/mol*K) + (l.99cal/mol*K) 


M 


M 


(0.034kg/mol) 


lkcal 

10 3 cal 


0.241kcal/kg*K 


(b) From the value for C v = 6.188cal/mol*K, we see from Table 19-4 that this gas is probably 


tnatomic 


|49.| (a) The change in internal energy is given by Eq. 19-12. The nitrogen is diatomic. 
A E ml = nC v AT = n (f R) AT = f (2.00mol) ( 


f J A 

8.314 

V mol*K 


(150K) = 6236J ; 


6240 J 


or 


A E mt = nC v AT = (2.00mol) 




f 


\ 


4.96 — — — II 4.186— 
mohKyv cal j 


(150K) = 6229 J : 


6230J 


( b ) The work is done at constant pressure. 


8.314- 


W = PAV = nRAT = (2.00mol) 
heat is added at constant pressui 
Q = nC p AT = n (fR)AT = f (2.00 mol) 


(150K) = 2494 J : 

mol*K ) 

( c ) The heat is added at constant pressure, and so Eq. 19- 10b applies. 


2490 J 


( J > 

8.314 

(150K) = 

8730J 

V mol*K ) 

! ' ' 1 



or 
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AE =Q~W -> Q- AE ,+W = 6229 J + 2494 J = 8720 J 

int z-' int 


50. ( a ) The change in internal energy is given by Eq. 19-12. 

( J A 

8.314 

V mol*K y 


A E mt = nC v AT = n(jR)AT = f (l.OOmol) 


(300 K) = 


6240 J 


( b ) The work is given by W - j PdV. The pressure is a linear function of temperature, so 

P = P 0 + aT. Use the given data to find the constants P 0 and a. Use the ideal gas equation to 
express the integral in terms of pressure. 

1.60atm = /^ + n(720K) ; l.OOatm = P 0 +a(420K) — > 

(l.60atm- 1.00 atm) = \P 0 + n(720K)] + a (420 K) = a (300K) -> 

0.60 atm 


a = 

300 K 

PV = nRT 
W 


■ 2.0x10 3 atm/K ; P 0 = 1.60atm-(2.0xl0 3 atm/K.)(720K) = -0.16atm 


V = 


nRT 


nR {P~Pq) nRf P 0 


dV = — P fdP 
a P- 


f , ) nR P , nRP 

p > i 

r t . 

nRP 

f pA 

[ PdV =\P _ dP- 0 

\—dP = 

0 In 

2 

j- i a P a 

J p 

f, 

a 

K-PJ 


( 1.00 mol) 8.314 


mol*K 


(-0.16a.rn) ri6(|atm , 
In 

l.OOatm 


2.0x10 atm/K 
(c) Use the first law of thermodynamics. 

AE =Q-W -» Q = AE +W = 6240J-310J = 


-310J 


5930 J 


51. For a diatomic gas with no vibrational modes excited, we find the y parameter. 


Y = 


C p _C V +R_\R + R_ 1 


For an adiabatic process, we have PV r = constant . Use this to find the final pressure. 


pv r = pv r — > p =p 

1 V 1 1 2 r 2 1 2 J 1 


r v v 

r i 

\ V 2j 


= (l.OOatm) 


1 


Vl.75y 


= 0.4568 atm : 


0.457atm 


Use the ideal gas law to find the final temperature. 


PV PV 

J ri 2 r 2 


T T 



( p \ 

V) 



T, 

2 

_2_ 

= (293 K) (0.4568) (1.75) = 234 K = 

-39°C 


J 





' 2 

52. The work is given by W = j PdV. The pressure is given by the adiabatic condition, PV 7 = c , where 


c is a constant. Note that for the two states given, c = Pf 7 = P 2 V 2 


>2 ^ jrl 

r r c cV 

W= \PdV= \—dV = — 
J J v 17 1 - 


cV'~^_ 

Y 


(cv'f 7 -cvl' 7 ) _ (pv 7 v'f r - p y"K r ) 


1 ~Y 


1 ~Y 



(py-py) 


Y~ 1 
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53. (a) We first find the final pressure from the adiabatic relationship, and then use the ideal gas law to 
find the temperatures. For a diatomic gas, y = 1.4. 

\ 1.4 

= 7.772 xlO" 2 atm 


PV r = PV r - 

J V 1 1 2 r 2 

-A P = P 

^ 1 2 1 


r 

= (1.00 atm) 

r 0.1210m 3 ^ 



92 J 


0.750m 3 J 


PV = nRT 


T = 


PV 

nR 


T,= 


py (l.013xl0 5 Pa)(0.1210m 3 ) 


nR 


T = 


(3.65 mol) |^8.314 

py 2 (7.772 x 10 2 ) (l.013 xl0 5 Pa) (o.750m 3 ) 


nR 


(3.65 mol) 8.314 


C b ) AE. nt = nC c \T = n (f R) AT = (3.65 mol) f 


mol*K 


mol*K 
= 194.6K 


403. 9K ! 


404 K 


195 K 


5 


3.314- 


v 


mol*K 


(194.6K-403.9K) = 


-1.59x10 4 J 


(c) Since the process is adiabatic, no heat is transferred. Q - 0 


(d) Use the first law of thermodynamics to find the work done by the gas. The work done ON the 
gas is the opposite of the work done BY the gas. 

AE int =Q-W -> W = Q-AE int = 0- (-1.59xl0 4 j) = 1.59xl0 4 J 


W = 

on 

gas 


-1.59x 10 4 J 


54. Combine the ideal gas equation with Eq. 19-15 for adiabatic processes. 


PV PV 

1 V 1 _ 1 T 2 


PVT P V r 

= ; py r =py r -> = 

PVT P V r 


C„ C„+R 


Y = ~r = 


C C 

^v y ~'v 


J R + R_ 

f R 


V T V r 

r _L _l = y r ~ l = ]/ r ~ x 

V T V r 2 1 

' 1 ± 2 r 1 


f T \ 1 

1 1 

f T x \ 

r ~' / , \ 

( 273K + 25K^ 

Jl z 



i 

77 

II 

-T 


= ( 0.086 m ) 


= 

0.15 m 3 

UJ 

1 " ‘1 

TJ 

l v 273K-68K J 




55j (a) To plot the graph 

accurately, data points 
must be calculated. V x is 
found from the ideal gas 
equation, and P and V 2 


are found from the fact that 
the first expansion is 
adiabatic. The spreadsheet 
used for this problem can 
be found on the Media 
Manager, with filename 
“PSE4_ISM_CH19.XLS,” 
on tab “Problem 19.55a.” 
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Py = nRf 


v _ nRiy 


P 2 V 2 =nRT 2 ,P 2 V 2 r = Py r 


( 1.00 mol) 8.314 (588K) 

- moWO = 48.26 xl0~ 3 m 3 =48.26 L 

1.013x10 Pa 

pv r 

> vr= yy — > 


f Py 5 ' 3 ) 3 ' 2 (l-013xl0 5 Pa)(48.26xl0 _3 m 3 ) 5 


= 89.68 xlO“ 3 m 3 = 89.68 L 


p = nRT 2 


( 1.00 mol) 8.314 (389K) 

V mol*K / 


(l.OOmol) 8.314 — (389K) , .. x 

A m^MCj = 3 606 xlO 4 Pa — = 0.356atm 

89.68 xlO~ 3 m 3 ll.013xl0 5 PaJ 


( b ) Both the pressure and the volume are known at the lower left comer of the graph. 


P =P V =V 

1 3 *2 ’ r 3 1 


P.y, = nRT } 


py py (3.606xl0 4 Pa) (48.26 xlO~ 3 m 3 ) r-^— 


nR nR 


(l.OOmol) 8.314 


mol*K 


(c) For the adiabatic process, state 1 to state 2: 


AE mt = 4 nRAT = 7 ( 1 . 00 mol ) 8.314 (389K-588K) = -2482 J = -2480J 

V rnoNKj 

0 = [o] (adiabatic) ; W -Q-AE^ = 1 2480 J 
For the constant pressure process, state 2 to state 3 : 

A E mt = 4 nRAT = f (1 .00 mol) ( 8.3 14—^—1(209 K - 389 K) = -2244.7 J - 1 -2240 J 

V rnoNK ) 

W = PAV = (3.606 x 10 4 Pa) (48.26 x 10~ 3 m 3 - 89.68 x 10~ 3 m 3 ) = -1494 J - |-1490J 

Q = W + AE. , = -1494 J- 2244.7 J = -3739J = I -3740 J 

For the constant volume process, state 3 to state 1 : 

( j h 

AE^ = 4 nRAT = -| ( 1 .00 mol) 8.314 (588 K- 209 K) = 4727 J ~ 4730J 

V mol*K ) 


W = PAF = 0 ; Q-W + AE mt = 4730 J | 

( d) For the complete cycle, by definition A E mt = [o]. If the values from above are added, we get 
A£ in| = 4727 J -2482 J -2245 J = 0. Add the separate values for the work done and the heat 
added. 

W = 2482J-1494J = 998J ~ 1 990 J | ; Q = -3739J + 4727J = 998J « |990J 
Notice that the first law of thermodynamics is satisfied. 
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56. (a) Combine the ideal gas law with Eq. 19-15 for adiabatic processes. 

= P l ~ Y T r (nR) r 


nRT v 

PV = nRT —> V = ; PV r = constant = P 


f nRT v 


V r j 


pt-yrjny 


constant 

w 


P' r T 7 = constant 


But since n and R are constant for a fixed amount of gas, we have 
Take the derivative of the above expression with respect to y, using the product rule and chain 
rule. 

p\-rjy _ constant — [p'-'T 7 ) = — (constant) = 0 — > 


dy 

T 7 (\-y) P~ r — + P'- r yT r ~' — = 0 
dy dy 


dy 


Multiply this equation by P 7 j T 7 . 
pr 

JY 


T 7 (\-y)p-y — + p'-ryT 7 - 1 — 
dy dy 


, ,dP PdT 

(1 -y) — + Y = 0 

dy T dy 


dP 

We also assume that — = -pg, and so get the following. 
dy 


, \/ \ PdT 

^-Y){-Pg) + Y-— = ° 
1 dy 


dT (1 -y)T 

, or — = -pg 

dy y P 


(. b ) Use the ideal gas law. We let M represent the total mass of the gas and m represent the mass of 

M M 

one molecule, so N = — . The density of the gas is p = — . 

m V 


PV = NkT 


T V Vm m 
P Nk Mk pk 


dT _(\-y)T ^ \\-y) 
dy Y P Y 


( m \ 


\pkj 


Pg = 


(1 -y) mg 


Y k 


(c) For a diatomic ideal gas, y = y. 

dT _ (1-r) mg _ (1-|) 29(l.66xl0- 27 kg)(9.80m/s 2 ) 


dy y k 

= (-9.77 xlO -3 K/m) 


1.38x10 J/K 


= -9.77 Xl0' 3 K/m 


)f 1()3m l 

f ie° 

1 km j 

[ikJ 


= -9.77 C°/km * -9.8 C°/km 


dT 


(d) A T = — Ay = (-9.77 C°/km) (-0.1km- 4.0km) = 40C° = T f -(-5°C) -> 77 = 35°C| ~ 95°F 
dy 


57. ( a ) The power radiated is given by Eq. 19-17. The temperature of the tungsten is 
273K + 25K = 298 K . 

A0 


At 


: eaAT 4 = (0.35) (5.67 x 10‘ 8 w/m 2 -K 4 )An (0. 16m) 2 (298 K) 4 = |50w| (2 sig. fig.) 
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(b) The net power is given by Eq. 19-18. The temperature of the surroundings is 268 K. 

i^Q 


At 


: ecrA ( 7j 4 - 7j 4 ) = (0.35) (5.67x 10‘ 8 w/m 2 .K 4 )4^(0.16m) 2 (298K) 4 - (268K) 4 


17 W 


58. 


The heat conduction rate is given by Eq. 19- 16a. 
- = kA^p = (380 j/s-m.C°)^(0.010m) 


(460°C-22°C) 
0.45 m 


= 116W « 


120 W 


59. 


Eq. 19-19 gives the heat absorption rate for an object facing the Sun. The heat required to melt the 
ice is the mass of the ice times the latent heat of fusion for the ice. The mass is found by multiplying 
the volume of ice times its density. 


A Q = mL = pVL f = pA(Ax)L f 


A Q 

At 


(l000W/m 2 )a4cos# — » 


pA(Ax)L f p(Ax) L f 

( 1000 W/m 2 'jeA cos 6 ( 1000 w/m 2 )e cos 6 


(9.17xl0 2 kg/m 3 ) 

(l.0xl0" 2 m) 

(3.33 xlO 5 J/kg) 

1 

( 1000 w/m 2 ) 

(0.050) cos35° 


7.5x10 4 s 


60. The distance can be calculated from the heat conduction rate, given by Eq. 19- 16a. The rate is given 

as a power (150 W = 150 J/s). 

O T -T T -T 

V=P = kA^ 2- £ = kA^ = (0.2 j/s*m 


v/, 2 \ 0.50C 


)(l.5 m ) _ __ - 

1.0x10 m 


|61.| (a) The rate of heat transfer due to radiation is given by Eq. 19-17. We assume that each teapot is a 
sphere that holds 0.55 L. The radius and then the surface area can be found from that. 

( 3V) 1/3 2 (3 V'" 

— — > S. A. = 4 nr = 4 n 

V4 71 ) 


V -\nr — > r — 


4 n 


AQ 

At 


= £(tA{t* - r 2 4 ) = 4neo\ — ] (ij 4 - T 2 4 ) 


3V 


— j =4n (0.70) 

V At / ceram i c 

= 14.13W : 


r 


5.67x10“ 


W 


V 


2 1^4 | 

m *K ) 


3(0.55xl0“ 3 m 2 ) A 


4 n 


(368 K) 4 - (293 K) 4 


14 W 


( Ag) | 

( AQ\ , 

( 0.10 ' 



— 

— 


= 2.019 W = 

2.0 W 

V ^ ) shiny 

V ) ceramic 

1 0.70 ; 




( b ) We assume that the heat capacity comes primarily from the water in the teapots, and ignore the 
heat capacity of the teapots themselves. We apply Eq. 19-2, along with the results from part 
(a). The mass is that of 0.55 L of water, which would be 0.55 kg. 

1 ( A^ 


AQ = me AT — » AT = — 

me y A t ) 


At 
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Wo 


14.13 W 


(0.55kg) 


f 


-(1800s) = 


11C° 


4186 


kg-C°. 


1 


( Ar U=-(^l 


1.6 C c 


62. For the temperature at the joint to remain constant, the heat flow in both rods must be the same. 
Note that the cross-sectional areas and lengths are the same. Use Eq. 19- 16a for heat conduction. 

( 0\ ( 0\ T -T T -T 

^ I — ±_ \ > k A hot middle — a middle COQl > 

V t J Ca V t ) A i 


k r T. , + k.,T . 

rj 1 Cu hot A1 cool 

middle » » 

Ku + k M 


£ m £ 

(380 J/s-m-C°) (225°C) + (200 J/s-m-C°) (0.0°C) 
380 J/s*m*C° + 200 j/s*m*C° 


147°C 


63. (a) The cross-sectional area of the Earth, perpendicular to the Sun, is a circle of radius R rmh , and 
so has an area of ■ Multiply this area times the solar constant to get the rate at which the 


Earth is receiving solar energy. 

(solar constant) = ;r(6.38xl0 6 m) (l350W/m 2 ) : 


Q 2 

y = ^Ea rth 


1.73x10 W 


( b ) Use Eq. 19-18 to calculate the rate of heat output by radiation, and assume that the temperature 
of space is 0 K. The whole sphere is radiating heat back into space, and so we use the full 


surface area of the Earth, 4 7tRI 


— = eoAT 4 -> T = 


Q i 

t ecj A 


/ 1 7^ 0 17 


978 V — 

I./JAIU J/5) 


.4. / O IV 


64. This is an example of heat conduction. The temperature difference can be calculated by Eq. 19- 16a. 
O T -T P£ (95 W)(5.0xl0~ 4 m) 

t £ 


kA (0.84j/s*m.C°)4^(3.0xl0' 2 m) 


5.0C° 


q £4 

65. We model the heat loss as conductive, so that, using Eq. 19-16a, — = — AT — » Q = atAT, where 

t £ 

a describes the average heat conductivity properties of the house, such as insulation materials and 
surface area of the conducting surfaces. It could have units of j/h«°C. We see that the heat loss is 
proportional to the product of elapsed time and the temperature difference. We assume that the 
proportionality constant a does not vary during the day, so that, for example, heating by direct 
sunlight through windows is not considered. We also assume that a is independent of temperature, 
and so is the same during both the day and the night. 

e iuming = (aJ/h.C°)(l5h) (22°C - 8°C) + (aJ/h.C°) (9h) (12°C - 0°C) = 3 18aJ 

down 

ao t . ming = («J/h-C o )(l5h)(22 o C-8 o C) + (aJ/h.C o )(9h)(22 o C-0°C) = 408aJ 

down 
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AQ 408aJ-318orJ 


--turning 

down 


318aJ 


= 0.28= 28% 


To keep the thermostat “up” requires about 28% more heat in this model than turning it down. 

66. This is an example of heat conduction. The heat conducted is the heat released by the melting ice, 

Q = m Kc L lmmn . The area through which the heat is conducted is the total area of the six surfaces of 

the box, and the length of the conducting material is the thickness of the Styrofoam. We assume that 
all of the heat conducted into the box goes into melting the ice, and none into raising the temperature 
inside the box. The time can then be calculated by Eq. 19- 16a. 


T-f 


— = kA — 
t £ 


— ^ t — 


Q£ m L, / 

z-' ice fusion 


kAAT kAAT 

(9.5 kg) (3.33x10 s J/kg) (0.015m) 


2(0.023J/s-m-C o )[2(0.25m)(0.35m) + 2(0.25m)(0.55m) + 2(0.35m)(0.55m)](34C°) 


= 3.6x10 4 s =10h 


67.| (a) Choose a cylindrical shell of length £, radius R, and 

thickness dR. Apply Eq. 19-1 6b, modified for the radial 

dQ 

geometry. See the figure. Note that — must be a 

dt 

constant, so that all of the heat energy that enters a shell 

also exits that shell. 

dQ dT , dT 
— = -kA — = -k2nR £ — — > 


dt 

dR 

R 


dR 
2 nk£ 
dQ/dt 


dT | 


dR 

dR 

R 


2 nk£ 
dQ/dt 


\dT 


— > 



4 dQ/dt 


dQ _2nk{T l -T 2 )£ 

dt In ( 4 / 4 ) 


(b) For still water, the initial heat flow outward from the water is described by Eq. 19-2. 

A Q AT 2nk (T - T )£ 

AQ = me AT — » = me — — > 

At At In (4/4) 

AT _ 2nk(T x -T 2 )£ _ 2nk(T l -T 2 )£ _ 2k(T l -T 1 ) 

At 


me In ( R 2 / R i) Pu^ R ^ c]n ( R i/ R l ) A'ho A, 2 c !n ( A 2 //?, ) 

2\ 40 — ](71°C-18°C) 

s-m-CV 


(l.0xl0 3 kg/ m 3 ) (0.033m) 2 


4186 


J 

kg-C° 


In 


4.0 

3.3 


= 4.835 C°/s= 4.8 C°/; 


Note that this will lower the value of T v which would lower the rate of temperature change as 
time elapses. 
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(c) The water at the entrance is losing temperature at a rate of 4.835 C°/s. In one second, it will 


r 


have traveled 8 cm, and so the temperature drop per cm is 


4.835 — 
s J 


C°V Is ^ 


yd cm j 


0.60 C 0 /. 


cm 


68. The conduction rates through the two materials must be equal. If they were not, the temperatures in 
the materials would be changing. Call the temperature at the boundary between the materials T x . 


O T -T T -T 
— = k,A— = k,A- x 2 


t 


l 


/ 


QJ^ = t _ t . 0 4 


t k x A 


t k 2 A 


= T - T 


1 2 

Add these two equations together, and solve for the heat conduction rate. 


Q / Q /, Q 

t k t A t k 2 A ~ t 

0 a &- T 2) 


/ / 

€ l | _ 2 

V^l K J 


1 


-T-T -> 

1 2 


t 


/ / 

V^i 


(R l+ R 2 ) 

The i?-value for the brick needs to be calculated, using the definition of R given on page 517. 
4 in 


f 1ft A 


/ 




y 12in j 


k 0 84 J 

( lBtu ^ 

f lm ^ 

f 5C °1 

i^3600s" 

s*m*C° 

1055J J 

v 3.28 1 ft J 

9F° 
V vr y 

l lh J 


= 0.69ft 2 -h-F°/Btu 


^-t 2 ) 


t (R t +R 2 ) 

This is about 35 Watts 


= (l 95 ft 2 ) 


(12F°) 


(0.69 + 19)ft 2 *h*F°/Btu 


= 119Btu/h« 120 Btu/h 


69. The heat needed to warm the liquid can be calculated by Eq. 19-2. 


Q = mcAT = (0.20 kg) (l.00kcal/kg.C°) (37°C - 5°C) = 6.4 kcal = \6A Cal 


70. (a) Use Eq. 19-17 for total power radiated. 
0 


= eaAT 4 = eo4nR; n T A = ( 1 .0) ( 5.67 x 1 0 -8 w/m 2 -K 4 ) 4n ( 7.0 x 1 0 8 m)‘ ( 5500 K) 4 


= 3.195x10 W ; 


3.2x10 W 


( b ) Assume that the energy from the Sun is distributed symmetrically over a spherical surface with 
the Sun at the center. 


Q/t 


3.195x10 W 


A 4;r ^Sun-Earth \ll ( 1 .5 X 1 0‘ ‘ m) 


= 1.130xl0 3 w/m 2 = l.lxlO 3 w/ 


m 


71. The heat released can be calculated by Eq. 19-2. To find the mass of the water, use the density (of 
pure water). 


Q = me AT = pVcAT = (l.Ox 10 3 kg/m 3 ) (l.0xl0 3 m) 3 (4186 j/kg.C°) (1C°) = 


4x10 15 J 
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72. Use the heat conduction rate equation, Eq. 19- 16a. 

Q T-f , . w , v[34°C-(-18 0 C)l 

(a) — = = (0.025 J/s-m-C°) (0.95m 2 )- — - = 35.3 W = 


3.5xl0“ 2 m 


O T -T 

C b ) — = kA— ^ 

t / 


/ / X/ 2 \ [34°C - (-18°C)1 

= (0.56 J/s-m-C°) ( 0.95m- )- — = 5533 W 

K y ' 5.0x10 m 


35W 




5500 W 


|73.| The temperature rise can be calculated from Eq. 19-2. 
Q = me AT 


AT e (0.80)(200kcal/h)(0,Sh) [J8C , 


me (70 kg) (0.83kcal/kg*C°) 


1C° 


20 W 


74. For an estimate of the heat conduction rate, use Eq. 19- 16a. 

Q 71-71 , . w 2 \ (37°C-34°C) 

— = kA - 1 1 = ( 0.2 j/s-m-C°) 1.5m') — 1 = 22.5 W 

t / V ' ’ 4.0xl0~ 2 m 

Thi s is only about 10% of the cooling capacity that is needed for the body. Thus convection cooling 
is clearly necessary. 

75. We assume that all of the heat provided by metabolism goes into evaporating the water. For the 
energy required for the evaporation of water, we use the heat of vaporization at room temperature 
(585 kcaFkg), since the runner’s temperature is closer to room temperature than 100°C. 


2.2 h 


950kcal 

lh 


kgH 2 Q 

585kcal 


3.6 kg 


76. (a) To calculate heat transfer by conduction, use Eq. 19- 16a for all three areas - walls, roof, and 
windows. Each area has the same temperature difference. 

^conduction S | | | , I I , I I ~T) 


VkA) 

+ 

'kA\ 

+ 

' kA > 


x yj 

walls 

V /roof ' 

J ) 

windows _ 


(0.023 j/s»m«C°) (410m 2 ) (0.1 j/s-m-C°) (280m 2 ) 

0.195m 

(0.84J/s-m-C°)(33 m 2 ) 


0.055 m 


+ 


6.5x10 m 


(38 C°) 


= 1.832x10 W : 


1.8x10 W 


( b ) The energy being added must both heat the air and replace the energy lost by conduction, as 
considered above. The heat required to raise the temperature is given by Eq. 19-2, 

O . =m.c . ( A T ) . The mass of the air can be found from the density of the air times its 

-Praise air air V /warming J 


temp 


volume. The conduction heat loss is proportional to the temperature difference between the 
inside and outside, which varies from 27C° to 38C°. We will estimate the average temperature 
difference as 32.5°C and scale the answer from part (a) accordingly. 


a 


— () + O , . —P Vc ( AT ) + 

added Praise ^--conduction • air air \ /warming 


--raise 

temp 


Q 

^--cc 


(1800 s) 


1.29— )( 750m 3 ) 
m 1 v ; 


0.24- 


kcal V 4186 


kg*C° 


kcal J 


(11°C) 
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+ 


(c) We assume a month is 30 days. 
( Q ^ 

0-9 fiL =' ^ 


( n 

1.832x10 s - 

f 32.5°C ' 

(1800s) = 

2.5xlO s J 

V s J 

t 38°C ) 




\ ^ J conduction 


t , — ^ 

month 


q .-Lie 


0.9 


V t / conduction 
C 1 lr„ 


t = — (l.832xl0 s j/s)(30d)f— 
0.9 ' ' v Aid 


3600 s 
lh 


= 5.276x10 J 


5.276x10 J 


1 kg 


5.4x10 7 J 


$0,080 


V 


kg J 


= $781.65 « $780 


77. Assume that the loss of kinetic energy is all turned into heat which changes the temperature of the 
squash ball. 

v, 2 -v 2 (22 m/s)" -( 12 m/s) 


= Q \ m (v] -v]) = mcAT 


A T = 


2c 


2(l200J/kg-C°) 


0.14C 0 


78. Since the handle is pushed in very quickly, we approximate the process as adiabatic, since there will 
be little time for heat transfer to or from the air in the pump. We combine the ideal gas law and Eq. 
19-15 for adiabatic processes. 


PV PV 

r i _ 1 v 2 


T P V P V 7 

2 _ 2*2 . py7_pyY 1 2 _ r \ 


T T 

± \ 2 


P V 
r 1 


p v 7 

1 1 ' 2 


y. 


Cp _C r +R _\R + R_ n 


C„ 


C„ 


\ R 


t 2 _p 2 v 2 _v 7 v 2 fvX 


PV, VI V 


2 r \ \ r 2j 


V 


T =T 

2 J 1 


lyV- 1 
' 1 

\ V 2d 


: (293 K) (2 0 - 4 ) = 386.6 K = |l!4°C 


|79.| (a) The energy required to raise the temperature of the water is given by Eq. 19-2. 
Q = me AT — > 


Q AT , , 

— = = ( 0.250 kg) 

At At 


4186- 


J 


kg*C° 


^ 80C oA 
v 105s j 


= 797 W ; 


800W(2sig. fig.) 


(/;) After 105 s, the water is at 100°C. So for the remaining 15 s the energy input will boil the 
water. Use the heat of vaporization. 

_ Q _ (Power) At _ (797 W) (15s) 

' m ~ T v ~ L w ~ 2260 j/g 


Q = mL v 


5.3g 


80. (a) We consider just the 30 m of crust immediately below the surface of the Earth, assuming that all 
the heat from the interior gets transferred to the surface, and so it all passes through this 30 m 
layer. This is a heat conduction problem, and so Eq. 1 9- 1 6a is appropriate. The radius of the 
Earth is about 6.38xl0 6 m. 

. T3600s a " 

^in 


O T -T 
— = kA— 2 


t 


1 


T - T I 0 C° 

= kA— -t = (0.80J/s*m*C°)4^i?( 


/ 


^Earth 


30 m 


lhour 


hour 


= 4.910x 10 i6 J = 4.9 x10 16 J 
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(. b ) The cross-sectional area of the Earth, perpendicular to the Sun, is a circle of radius R Vmh , and 
so has an area of anh . Multiply this area times the solar constant of 1350 w/m 2 to get the 

amount of energy incident on the Earth from the Sun per second, and then convert to energy per 
day. 


0s„n = xKa ( 1350 w/m 2 ) 1 hour 


3600s 


^Lh( 1350 w / m2 ) lhour 


3600 s 


, . 1.0C° ( 3600s 

(0.80J/s»m»C ^)4^'i? 2 arth lhour 


= 1.3x10 


Andso 0su„ =1 - 3xl ° 4 Q„ 


(l350W/m 2 ) 
(0.80 J/s*m*C°) 4 — 


8 1 . C onsider a rectangular block of ice. The surface area of the top of the block is A, and this surface is 
exposed to the air. The surface area of the bottom of the block is A, and this surface is exposed to 
the water. The thickness of this block is x. The heat of fusion from the ice forming at the bottom 
surface must be conducted through the ice to the air. For the conduction, from Eq. 19- 16a, we have 

— — = — — ^ boltum — . This is the rate of heat energy leaving the bottom surface and escaping to 

dt x 

the air, through the ice block. For the freezing process, if a layer of ice of thickness dx, with mass 
dm, is formed at the bottom surface, the energy released is dQ = L f dm = L f p it . t Adx. The rate of 


dQ dx 

release of this energy is — = L f p. ct A — . The rate of energy release must be equal to the rate of 

dt ice dt 

energy conduction, if the temperature at the bottom surface is to remain constant. 


dQ _ Kc A ( bottom ~ T J 


= L f p A — — » 

f r' ice , 


^ice ( ^bottom ^top ) 


dt - x dx — » 


%k. (T hn -T ) 0A5 r m 

lceV bottom ^-dt= xdx 

0 A^ice 0 


k \ T T ) 

ice \ bottom top / 


t ls = y(0.15m)~ — > 


i(0.15m) a (3.33xl0 ! J/kg)(917ke/m 1 ) i ; ^ ~ 

f 2 lfl8C 0 l 


s*m*C c 


82. Assume that the final speed of the meteorite, as it completely melts, is 0, and that all of its initial 
kinetic energy was used in heating the iron to the melting point and then melting the iron. 
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83. (a) The pressure varies with depth according to Eq. 13-6b. Use Eq. 13-6b to find the pressure at the 
original depth, and then use the ideal gas equation with a constant temperature to find the size of 
the bubble at the surface. 

P^P^+Pgh ;P=P tm ;W=p 2 r 2 -> (P^+Pgh^x^dj = P attn f*-(H) 3 -> 


d 2 = d x 


r P^ + Pgh" 


( 


= d. 


atm J 


1 + 


pgh 


= (3.60 cm) 


' (1000 kg/m 3 ) (9.80 m/s 2 ) (14.0m) 


1.013x10 Pa 


4.79cm 


(b) See the accompanying graph. The path 
is an isotherm, so the product PV is 
constant. The spreadsheet used for this 
problem can be found on the Media 
Manager, with filename 
“PSE4_ISM_CH19.XLS,” on tab 
“Problem 19.83b.” 

(c) Since the process is isothermal, Eq. 19-8 
is used to calculate the work. 


V V 
W - nRTXn— = P,V In— 

V V 

r l ' 1 



= P 


x(jd 2 ) 3 


In 


r^(y ^) 3 

\n(\d x ) 3 


= P 2 [y^</ 2 3 ]ln| — | = (l.013xl0 5 Pa)[^(0.0479m) 3 
\ d , 




In 


f 0.0479 m A 


0.0360m 


4.99 J 


Since the process is isothermal, | A E . m = 0 
A E mt = Q-W -> Q = AE int +W = 


4.99J 


. Then, by the first law of thermodynamics, 
The heat is added. 


84. Use the first law of thermodynamics to find the rate of change of internal energy. Heat is being 
removed, so the heat term is negative. Work is being done on the gas, so the work term is also 
negative. 

dE ml dQ dW 


AE mt =Q-W 


= -1.5x10 3 W-(7.5x10 3 w) = 6.0x10 3 W 


dt dt dt 

This internal energy increase will happen during the compression stroke of a cycle. We assume that 
the time for compression is half of a cycle. 


At . =4 

compression 2 


f 1 ) 

( 60s ^ 

v 150 cyclcs/min y 

v lmin y 


= 0.20 s 


Assume an ideal diatomic gas and use Eq. 19-12 in order to find the temperature change. 

dE . _ ( AT ^ 


AE , = nC. AT 


dt 


■ = nC„ 


V At J 


AT 


dE At 

int compression 


dt 


nC„ 


= (6.0x10 3 w) 


0.20 s 


(l.00mol)(5.00cal/mol-K)(4.186J/cal) 


57C° 
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85. We assume that the light bulb emits energy by radiation, and so Eq. 19-18 applies. Use the data for 
the 75-W bulb to calculate the product eoA for the bulb, and then calculate the temperature of the 
150-W bulb. 

(e/0«.=^(Ew-O -> 

(e/>)». _ (0.90) (75 W) 


err A = 


(tow - tom ) [(273 + 75) K] 4 - [(273 + 1 8) K]‘ 

(Q/ { ) 150 W = e(7A (to W - tom ) 


■ = 9.006 x10‘ 9 w/k 4 


T 

^ 150 W 


(o/0, 


err A 


■+r 


(0.90) (150 W) 
(9.006 x10 _9 w/k 4 ) 


+ (291 K) 4 


= 386 K = 113°C = 110°C 


86. Let the subscript 1 refer to the original state, subscript 2 refer to the compressed state, and subscript 
3 refer to the final state. The first process is best described by the ideal gas law for constant 
temperature, and the second process by the adiabatic relationship in Eq. 19-15. We use the ideal gas 
equation to relate the initial and final temperatures. Note that the initial volume is 3 times the molar 
volume at STP, and so is 67.2 L. 

- (latm) f 1 = 4.545 atm 


Process 1: 


PV = PV 

V 1 2 r 2 


P =P 

2 1 


Process 2: 


PV r = PV r 

l r 2 * 3' 3 


P ~P 

1 3 1 2 


\ V 2d 




0.22 


OatmVO.22^ 3 


T 2 =T t = 273K 


0.22 


= 0.3644 atm 



ii 

Cti 

oN! 

i 

£-*h 

II 

t 

{P*' 

(v\ 

y 3 


T 

± 2> 

J '1 


UJ 


= (273K)(0.3644)(1) = 99.48K 


T = 273 K = T=T 1 

max 1 2 

T. = 99 K = 71 

min 3 

P =4.5 atm = P. 

max 2 

P =0.36 atm = P, 

mm 3 

The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH19.XLS,” on 
tab “Problem 19.86.” 



87. Since the specific heat is a function of temperature, we need to integrate the infinitesimal version of 
Eq. 19-2, and use moles instead of grams. 
dQ = nCdT — > 


A£? = f „* T -,T . - 1 ,' ) . ( 2 - 75mol )(,940J/mol.K) r 


4(281K) 


(48. OK) 4 - (22. OK) 4 


305J 
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pv pv . ; 

3. Combine the ideal gas relationship for a fixed amount of gas, — — - = 2 2 , with the adiabatic 


relationship, P l V y = P 2 Vf . 


PV PV 

V 1 _ V 2 


T T 

2 


V P T P V y 

-± = -*~ -L . pyr=pyr _> 

V P T P V r 

r 2 1 \ ± 2 1 \ r 2 


V V r T 

y i _ r i -M 


K T 
r 2 * 2*2 


r v y-' 




K 

K 


( 'T \ 




r-i 


273K + 560K 
280 K 


15.3 


89. (a) Since the pressure is constant, the work is found using Eq. 19-9a. 

W = PAV = (l.013xl0 5 Pa)(4.1m 3 -2.2m 3 ) = 1.9247xl0 5 J 

(b) Use the first law of thermodynamics. 

A E mt -Q-W - 6.30 x 10 s J - 1.92 x 10 s J = 4.38 x 10 s J 

(c) See the accompanying graph. p ( atm ) 


1.9x10 J 


4.4x10 J 


1.0 


0 


1 


1 


2.2 


4.1 


■ V (m 3 ) 


90. The body’s metabolism (blood circulation in particular) provides cooling by convection. If the 
metabolism has stopped, then heat loss will be by conduction and radiation, at a rate of 200 W, as 
given. The change in temperature is related to the body’s heat loss by Eq. 19-2, Q = me AT . 

Q mcAT 


t 


t 


_ me AT _ (70 kg) (3470 j/kg*C°) (36.6°C - 35.6°C) _ 
P 200 W 


1200 s = 20 min 


91. The work is given by W = j PdV . The pressure is found from the van der Waals expression, Eq. 

h 

18-9. The temperature is a constant. The analytic integration is done in problem 41. 


W = nRT In 


(K ~bn) 


+ an 




(V t -bn) 

= ( 1 .Omol) ( 8.3 14 j/mol-K) ( 373 K) In 

+ ( 0.55 N*m 4 / mol 2 j ( 1 .0 mol) 
1 .0 — (3.0 x 10~ 5 ) 


"l.OOm 3 - 1 

^3.0x10 5 m 3 /mol) 

(1.0 mol) 

0.50m 3 - 1 

(3.0x10 5 m 3 /mol) (l.O mol) 


1 


1 


V 


1.00 m 0.50 m 


= 3101. 122 In 


0.5-(3.0xl0' 5 )' 


0.55 = 2149 J 
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An acceptable answer from the numeric integration would need to be in the range of 2100 - 2200 J. 

To do the numeric integration, we partition the volume range. For each volume value, the pressure is 
calculated using Eq. 18-9. The pressure is assumed constant over each segment of the volume 
partition, and then the work for that segment is the (constant) pressure times the small change in 

volume. Even with a relatively crude partition size of 0.1m , good agreement is found. The result 
from the numeric integration is 2 158 J, which rounds to 2200 J . The spreadsheet used for this 
problem can be found on the Media Manager, with filename “PSE4_1SM_CH19.XLS,” on tab 
“Problem 19.91.” 
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Responses to Questions 

[T] Y es, mechanical energy can be transformed completely into heat or internal energy, as when an 
object moving over a surface is brought to rest by friction. All of the original mechanical energy is 
converted into heat. No, the reverse cannot happen (second law of thermodynamics) except in very 
special cases (reversible adiabatic expansion of an ideal gas). For example, in an explosion, a large 
amount of internal energy is converted into mechanical energy, but some internal energy is lost to 
heat or remains as internal energy of the explosion fragments. 

2. Yes, you can warm a kitchen in winter by leaving the oven door open. The oven converts electrical 
energy to heat and leaving the door open will allow this heat to enter the kitchen. Flowever, you 
cannot cool a kitchen in the summer by leaving the refrigerator door open. The refrigerator is a heat 
engine which (with an input of work) takes heat from the low-temperature reservoir (inside the 
refrigerator) and exhausts heat to the high-temperature reservoir (the room). As shown by the second 
law of thermodynamics, there is no “perfect refrigerator,” so more heat will be exhausted into the 
room than removed from the inside of the refrigerator. Thus, leaving the refrigerator door open will 
actually warm the kitchen. 

3. No. The definition of heat engine efficiency as e = W/Q L does not account for Q H , the energy needed 
to produce the work. Efficiency should relate the input energy and the output work. 

4. (a) In an internal-combustion engine, the high-temperature reservoir is the ignited gas-air mixture 

in the cylinder. The low-temperature reservoir is the outside; the burned gases leave through the 
exhaust pipe. 

( b ) In the steam engine, the high-temperature reservoir is the steam- water mixture in the boiler and 
the low-temperature reservoir is the condensed water in the condenser. In the cases of both these 
engines, these areas are not technically heat “reservoirs,” because each one is not at a constant 
temperature. 

5. A 10°C decrease in the low-temperature reservoir will give a greater improvement in the efficiency 
of a Carnot engine. By definition, 7} is less than T H , so a 10°C change will be a larger percentage 
change in 7) than in T H , yielding a greater improvement in efficiency. 

6. A heat engine operates when heat is allowed to flow from a high-temperature area to a lower 
temperature area and some of the heat is converted into work in the process. In order to obtain useful 
work from the thermal energy in the oceans, the oceans would have to represent the high- 
temperature area. This is not practical since the oceans are not at a high temperature compared to 
their surroundings and so there is no low-temperature reservoir available for the heat engine. 

[ 7 ] The two main factors which keep real engines from Carnot efficiency are friction and heat loss to the 
environment. 

8. The expansion value allows the fluid to move from an area of higher pressure to an area of lower 
pressure. When the fluid moves to the low pressure area, it expands rapidly (adiabatic expansion). 
Expansion requires energy, which is taken from the internal energy of the fluid, thus lowering its 
temperature. 

9. Water freezing on the surface of a body of water when the temperature is 0°C is nearly a reversible 
process. 
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10. (a) Consider a gas enclosed in a cylinder with a movable (and frictionless) piston. If the gas and 

cylinder are kept at a constant temperature by contact with a thermal reservoir, then heat can be 
added very slowly allowing the gas to do work on the piston and expand. This isothermal 
expansion is reversible. If work is done very slowly on the gas, by pushing down on the piston, 
while the gas is still in contact with the thermal reservoir, then the same amount of heat will 
leave during the isothermal compression. Other processes which are not isothermal are possible, 
as long as they are gradual and temperature change occurs for all parts of the system at once. 

(. b ) A stove burner could not be used to add heat to a system reversibly since the heat added by a 
burner would not be distributed uniformly throughout the system and because the energy 
needed to heat the burner would not be recoverable. 

1 1 . The isothermal process will result in a greater change in entropy. The entropy change for a 
reversible process is the integral of dQ/T. Q = 0 for an adiabatic process, so the change in entropy is 
also 0. 

12. Three examples of naturally occurring processes in which order goes to disorder are a landslide, 
fallen leaves decaying, and a cup of coffee cooling as it sits on a table. The reverse processes are not 
observed. 

13. 1 kg of liquid iron will have greater entropy, since it is less ordered than solid iron and its molecules 
have more thermal motion. In addition, heat must be added to solid iron to melt it; the addition of 
heat will increase the entropy of the iron. 

14. (a) When the lid on a bottle of chlorine gas is removed, the gas mixes with the air in the room 

around the bottle so that eventually both the room and the bottle contain a mixture of air and 
chlorine. 

( b ) The reverse process, in which the individual chlorine atoms reorganize so that they occupy only 
the bottle, violates the second law of thermodynamics and does not occur naturally. 

(c) Adding a drop of food coloring to a glass of water is another example of an irreversible process; 
the food coloring will eventually disperse throughout the water but will not ever gather into a 
drop again. Sliding a book across the floor is another example. Friction between the book and 
the floor will cause the kinetic energy to be dissipated as thermal energy and the book will 
eventually come to rest. There is no way to reverse this process and take thermal energy from 
the book and the floor and turn it into organized kinetic energy of the book. 

15. The machine is clearly doing work to remove heat from some of the air in the room. The waste heat 
is dumped back into the room, and the heat generated in the process of doing work is also dumped 
into the room. The net result is the addition of heat into the room by the machine. 

16. Some processes that would obey the first law of thermodynamics but not the second, if they actually 
occurred, include: a cup of tea warming itself by gaining thermal energy from the cooler air 
molecules around it, a ball sitting on a soccer field gathering energy from the grass and beginning to 
roll, and a bowl of popcorn placed in the refrigerator and unpopping as it cools. 

17. No. While you have reduced the entropy of the papers, you have increased your own entropy by 
doing work, for which your muscles have consumed energy. The entropy of the universe has 
increased as a result of your actions. 

18. The first law of thermodynamics is essentially a statement of the conservation of energy. “You can’t 
get something for nothing” is similar to the statement that “energy can be neither created nor 
destroyed.” If the “something” you want to get is useful work, then input energy is required. The 
second law concerns the direction of energy transfers. The Kelvin-Planck statement of the second 
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law says that “no device is possible whose sole effect is to transform a given amount of heat 
completely into work.” In other words, 100 joules of heat will result is something less than 100 
joules of work, so “you can’t even break even.” 


19 


No. Even if the powdered milk is added very slowly, it cannot be re-extracted from the water 
without very large investments of energy. This is not a reversible process. 


20. Entropy is a state variable, so the change in entropy for the system will be the same for the two 
different irreversible processes that take the system from state a to state b. However, the change in 
entropy for the environment will not necessarily be the same. The total change in entropy (system 
plus environment) will be positive for irreversible processes, but the amount may be different for 
different irreversible processes. 


2 1 . For a reversible process, A5 tot ai = AS system + AS environm ent = 0. Neither the process, nor its reverse 

process, would cause an increase in entropy. A “nearly reversible” process would have only a small 
increase in entropy, and the reverse process would require only a small input of energy. The greater 
AS^, the more energy would be needed to reverse the process. 


22. For reversible processes, the change in entropy is proportional to Q. Therefore, for a reversible, 
adiabatic process AS tota \ = 0 because Q = 0. For an irreversible process, AS’ syslcm can be calculated by 
finding a series of reversible processes (not all of which will be adiabatic) that take the system 
between the same two states. The change in entropy for the system will be positive, since not all of 
the reversible processes will be adiabatic, and the change in the entropy of the environment will be 
zero. The total change in entropy for the irreversible adiabatic process will be positive. 


Solutions to Problems 


In solving these problems, the authors did not always follow the rules of significant figures rigidly. We 
tended to take quoted temperatures as correct to the number of digits shown, especially where other 
values might indicate that. 


[l] The efficiency of a heat engine is given by Eq. 20- la. We also invoke energy conservation. 
W W 2600 J 


e = ■ 


Q h W + Q l 2600 J + 7800 J 


■ = 0.25 = 25% 


The efficiency of a heat engine is given by Eq. 20- la. We also invoke energy conservation. 
W W 

> Q l = W( l/e-1) -> 


e = - 


Qh W + Q l 

Qjt = W/t (l/e-1) = (580 MW) (1/0.35-1) = 1.077 xl0 3 MW = 


1.1x10 MW 


3. We calculate both the energy per second (power) delivered by the gasoline, and the energy per 
second (power) needed to overcome the drag forces. The ratio of these is the efficiency. 




output 
( to move 
car) 


= Fv - (350N) 


mO 
55 — 
h j 


1609 m 
1 mi 


f 


lh 


A 


3600 s 


= 8604 W 
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P 


input 

(from 

gasoline) 


( 

3.2xl0 7 

V 



f 3.8E" 

f IgaO 

( mi^ 

r ih ^ 

L J 

V 1 g al y 

v 35mi y 

JJ 

V h ) 

v 3600s y 


= 53079 W 


e = - 


W_ 

~Qn 


output 
(to move 
car) 


input 

(from 

gasoline) 


8604 W 
53079 W 


0.16 


4. (a) The work done per second is found from the engine specifications. 


W_ 

t 


180- 


(4 cylinders) 


25 


cycles 


A 

LV^O 

s ) 


1.8xl0 4 j/s 


cycle*cylinder ) 

( b ) The efficiency is given by Eq. 20- la. 

W W , W/t 1.8xl0 4 J/s 4 , TT 

e = — = -» Q n =— -» Qjt = — = — = 8.182 xl0 4 j/s~ 8.2x10 J/s 

Q H e e 0.22 

(c) Divide the energy in a gallon of gasoline by the rate at which that energy gets used. 

130xl0 6 J/gal 


.182x10 J/s 


= 1589s : 


26 min 


The efficiency is the work done by the engine, divided by the heat input to the engine from the 
burning of the gasoline. Both energy terms are expressed in terms of a rate. The gasoline provides 
the input energy, and the horsepower of the engine represents the output work. 


W W t 


(25 hp) 


e = ■ 


f 746 

flj/s) 

l Ihp J 

liwj 


Qjt 


r 


3.0x10 


v 


kcal 

gal 


Igal 

38km 


kmV lh V 4186 


95 

h 


3600 s 


kcal 


0.21 or 21% 


6. (a) For the net work done by the engine to be positive, the path must 


be carried out plockwise| . Then the work done by process be is 
positive, the work done by process ca is negative, and the work 
done by process ab is 0. From the shape of the graph, we see that 
\W h \>\W I. 

( b ) The efficiency of the engine is given by Eq. 20- 1 a. So we need to 
find the work done and the heat input. At first glance we might 
assume that we need to find the pressure, volume, and temperature 
at the three points on the graph. But as shown here, only the 
temperatures and the first law of thermodynamics are needed, along with ratios that are obtained 
from the ideal gas law. 

ab: W*=PAV = 0 ; Q ai = AE m = nC v (T b -T) = f nR{T b - T) > 0 

ab 

be: A E mt = nC v (T-T b ) = 0 ; Q hz = W bc = nRT h ln^ = nRT b ln-^ = nRT h In ^ > 0 



K 


V 


, , nRT , , 

ca: W = P (V - V) *-(V -V) = nRT 

ca a\a c/ -y \ a c/ a 

r a 

Q~=*C P {T*-T e ) = \nR{T t -T')«i 


f V / 


f T ^ 


= nRT 

a 

1 ^ 

l K) 

l T) 


= nR{T-T ) 
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nRTAtJ^ + nRiT -T) 71 In— + (7 T -T ) T. In— + (7 T -71 ) 

W w +W T v a cJ b x v a c/ b T \ a by 

be ca_ a a a 

~ mput Q ° b+Q ' x l»R(T b -T) + nRT b ln| ±(T b -T) + T b ln^ \{T b -T ) + T h ln^ 


423 K 

(423K)ln + (273K-423K) 

273 K 

, 423 K 


= 0.0859 = 


r(423K-273K) + (423K)ln 


273 K 


Of course, individual values could have been found for the work and heat on each process, and 
used in the efficiency equation instead of referring everything to the temperatures. 

[ 7 ] (a) To find the efficiency, we need the heat input and the heat output. The heat input occurs at 
constant pressure, and the heat output occurs at constant volume. Start with Eq. 20- lb. 

c x & i »c v (r d -rj ! ( t a -t) 

Qn nC„(T c -T b ) r{T-T b ) 

So we need to express the temperatures in terms of the corresponding volume, and use the ideal 
gas law and the adiabatic relationship between pressure and volume to get those expressions. 
Note that P c = P h and V A =V a . 

PV 

PV = nRT — > 7’ = 


PV. PV 

d d a a 


1 VnR nR) { (P/.-PV) { Kj^ll X 


pv P h K 

c c b b 

11 R nR 


r{pv-p b v b ) yp h (v-v b ) 


p, p 

d a_ 

p K, 

V v 

r c r b 

V V 


Use the adiabatic relationship between pressure and volume on the two adiabatic paths. 


PV r = PV r — = — = — ■ PV r = PV r — > —= — 

1 d r d 7 _ > 1 y a -'b'b 7 _ 


e = l~- 


P P 

d a_ 

P p b , 
V v b 

c b 

. V V 



(b) For a diatomic ideal gas, y = j = 1.4. 


(4.5)-' J -(l6)-“ 

.4[(4.5)--(16)-_ 
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The maximum efficiency is the Carnot efficiency, given in Eq. 20-3. 
(365 + 273) K 


0.225 or 22.5% 


T 

e -\ — L = 1 - 

T u (550 + 273) K 

We assume that both temperatures are measured to the same precision - the nearest degree. 
9. Calculate the Carnot efficiency for the given temperatures. 


T. 77 K 

= 1 — k = 1 = 0.7372 « 74% 


293 K 


10. Find the intake temperature from the original Carnot efficiency, and then recalculate the exhaust 
temperature for the new Carnot efficiency, using the same intake temperature. 

T. T (340 + 273) K 

e=l — - -> T= ^ = 989 K 


l~e, 


1-0.38 


e 2 =l — - -+ T„ = r„(l-e,) = (989K)(l-0.45) = 544K = 271°C=: |270 o C 


11. (a) The work done during any process is given by Eq. 19-7. 
So the net work done is as follows. 


W = w h + w h +W. + W, 

ab be cd da 


o e u a 

: J PdV + J PdV + J PdV + J PdV 


b c A 

/ d c ^ 

\pdV+ \PdV 
j j 

- \PdV+ [PdV 

a by 

J J 

V a d J 



V 


The sum of the first two terms is the area under the abc 
path (the “upper” path), and the sum of the last two terms 
is the area under the adc path (the “lower” path). So the 
net work is the area enclosed by the cycle. 

(b) Any reversible cycle can be represented as a closed loop in the P- V plane. If we select the two 
points on the loop with the maximum and minimum volumes, we can apply the reasoning from 
above to find the net work. 


12. This is a perfect Carnot engine, and so its efficiency is given by Eq. 20-la and Eq. 20-3. Use these 
two expressions to solve for the rate of heat output. 

, T , (45 + 273) K W W 

e = l — — = 1 — 7 — = 0.3416 e = — = 

T h 210 + 273 K Q h W + Q l 


Ql ~ W(l/e-l) 


Qjt = W/t( l/e-l) = (950 W) (1/0.3416- 1) = 1831 W = 


1800W 


13. 


The maximum (or Carnot) efficiency is given by Eq. 20-3, with temperatures in Kelvins. 


T. (330 + 273) K 

e = l = — 

T h (665 + 273) K 


0.354 


Thus the total power generated can be found as follows. 

Actual Power = ( T otal Power ) ( max. eff. ) ( operating eff. ) — > 
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Total Power = - 


Actual Power 


1.2 GW 


= 5.215GW 


( max. eff.) ( operating eff.) ( 0.354) ( 0.65) 

Exhaust Power = Total Power - Actual Power = 5.215 GW - 1.2 GW = 4.015 GW 


= (4.015 x 10 9 J/s) (3600s/h) = 1.4x 10 13 J/h 


14. This is a perfect Carnot engine, and so its efficiency is given by Eq. 20-la and Eq. 20-3. Equate these 
two expressions for the efficiency. 


T O 


\_W} 

Qu j 


T =T 

L H 


= 77 


V 


W/t 

Qjt. 


= [(560 + 273) K] 


5.2x10 J/s 


(950kcal/s)(4186J/kcal) 


= 724 K = 45 1 °C ~ 450°C 


15. We assume the efficiency of the person’s metabolism is that of a reversible engine. Then we take the 
work from that “engine” and assume that it is all used to increase the person’s potential energy by 
climbing higher. 

I 7| W mgh 


h = — 4- 

mg 


( T ^ 

1 k 

V T hI 


<2h 


4.0xl0 3 kcal 


f 4186J A 
lkcal 


_(273 + 20)K' 
(65kg)(9.80m/s 2 ) (273 + 37) K 


= 1441m = 


1400 m 


16. The minimum value for T H would occur if the engine were a Carnot engine. We calculate the 
efficiency of the engine from the given data, and use this as a Carnot efficiency to calculate T . 




output 
( to move 
car) 


= 7000 W ; ^ L = P 


input 

(from 

gasoline) 


6 J Sf 

3.2 xlO 7 - 

V Ly v 


1L 


17000 m 


20 m 
Is 


= 37647 W 


e = - 


W_ 

On 


output 

<to ™; e 7000 w 


input 

(from 

gasoline) 


37647 W 


= 1 — 


T (273 + 25) K 

T„ -- — — = ^ — - = 366K= 93°C 


(1-e) 


f 


1- 


7000 W 
37647 W 


17. Find the exhaust temperature from the original Carnot efficiency, and then recalculate the intake 
temperature for the new Carnot efficiency, using the same exhaust temperature. 


e,=l- 


e i=l- 


T l = T m (l-e) = (580 K + 273 K) (1-0.32) = 580.0 K 
580.0 K 


T. 

r u = — L 


= 936 K = 663° C = 


1-e. 1-0.38 


660° C 
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18. The heat input must come during the isothermal expansion. From 

V 

section 20-3, page 534, we have Q n = n RT n In— = nRT H ln2. 

a 

Since this is a Carnot cycle, we may use Eq. 20-3 combined with 
Eq. 20-1. 

. T l W 
e = \ — k = — — > 

T O 

-*H 


W = Q U 


T -T 

± H 


V J 


= {nRT u ln2) 


f J 1 _ 'T \ 
^ H _ L 

\ T h J 


= nR(T H -T L ) ln2 


The adiabatic relationship between points b and c and the ideal 
gas law are used to express the temperature ratio in terms of the volume ratio 



P.V7 = PV r 

b b c c 


nRT u v r = nRT i v y 

V b b V c 


T =T 

H L 


r v y-' 

c 


= t l ( 5.7 2/3 ) 


W = nR(T H -T h ) In 2 = nRf (5.7 2/3 - 1) ln2 -» 
W 920 J 


t l =- 



=r = 72.87 K = 

73 K 

1 

LT\ 

Si 

1 

] 



T h = (72.87 K) (5.7 2/3 ) = 232.52 K = 


233 K 


V 


19.| (a) The pressures can be found from the ideal gas equation. 

nRT 


PV = nRT 


P = ■ 


V 


P = 


nRT _ (0.50mol)(8.314J/mol.K)(743K) 


V 


7.5xl0 _3 m 3 


= 4.1 18x10 Pa : 


4.1x10 Pa 




nRT b _ (0.50mol)(8.314J/mol*K)(743K) 


K 


15.0xl0 _3 m 3 


= 2.059 xl0 5 Pa ; 


2.1xl0 5 Pa 



V 


( b ) The volumes can be found from combining the ideal gas law and the relationship between 
pressure and volume for an adiabatic process. 


PV 7 = PV r 

c c b b 


nRR yr _ nRT h v r 


V 


K 


TV M = TV 

c c b b 


Y~ 1 


V = 


V A = 




kTj 


( T \ 




r - 1 


K = 


A 743K V ' 5 


r - 1 


V = 


533K 
743 K 


(15.0L) = 


34.4 L 


J 

V' 5 


v 533K y 


(7.5L) = 17.2L - 


17L 
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( c ) The work done at a constant temperature is given by Eq. 19-8. 

(v \ ^ 15 0^1 

W = nRT In -*■ = (0.50mol)(8.314J/mol«K)(743K)ln — = 2141 J = 2100J 


Note that this is also the heat input during that process. 

(d) Along process cd, there is no change in internal energy since the process is isothermic. Thus by 
the first law of thermodynamics, the heat exhausted is equal to the work done during that 
process. 

(v^\ ( H 2\ 

Q = W = nRT \ n -*■ = (0.50mol)(8.314j/mol*K)(533K)ln — - = -1536J = -1500J 


So 2100 J of heat was exhausted during process cd. 

( e ) From the first law of thermodynamics, for a closed cycle, the net work done is equal to the net 
heat input. 

W ml =Q net =2141 J - 1536J = 605 J = I600J 


W 605 J 

if) e = — = 

Q h 2141 J 


;e= 1 _ZL = 1 _tlA =0 . 28 

T u 743 K 


20. (a) We use the ideal gas law and the adiabatic process 

relationship to find the values of the pressure and volume at 
each of the four points. 

P =|8.8atm| ; T =623K; 

a ’a ’ 

nRf ( 1 .00 mol) ( 0.0821 L*atm/ mol*K) ( 623 K) 


1.8 atm 


= 5.81L = 5.8L 


T b = 623 K ; V b = 2V = 2 (5.8 1 L) = 1 1.62 L « |ll.6L 


V 

P u =P — = fP = 4.4 atm 



T = 4S3K; P b V b r = PV r 


nR f v r _ nRT - v r 
V b b V c 


T V -1 

K=K ^ =(ll.62L) 


623 K 
483 K 


= 17.02L = 17.0L 


nRT c (l .00 mol) (0.082 1 L*atm/ mol*K) (483 K) 


17.02 L 


= 2.33 atm ~ 2.3 atm 


T a = 483K;F d =E a =(5.81L) 


623 K 
483 K 


= 8.51L ~ [8^51^ 


nRT d _ (l.OO mol) (0.0821 L*atm/ mol*K) (483K) 


= 4.66 atm ~ 4.7 atm 


To summarize: 


P d = 8.8 atm ; E a = 5.8 L ; P b = 4.4 atm ; V b = 11.6L 
P = |2.3atm| ; V = |l7.0L| ; P = 1 4. 7 atm ; V. = |8.5L 
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(. b ) Isotherm ab: A E M = [o] ; 


3600 J 


Q ab = W ab = nRT In — = (l. 00 mol) (8.314 j/mol*K) (623 K) In 2 = 3590 J : 

Adiabat be: Q bc = [o] ; 

A£ ml = nC v (T -T b ) = jnR(T t -T b ) = f (l.OOmol) (8.314 j/mol-K) (-140K) 


-1700 J 


l W be = Q h c -A£ int = 1746J ; 


1700 J 


= -1746 J ^ 

Isotherm cd: A E. mt = [o] ; 

cd 

Qcd = W cd = ni?r In— = (l. 00 mol) (8.3 14 j/mol*K) (483 K) In y = -2783 J ^ 

Adiabat da: 2 da = 0 ; 

A E mt = nC v (T-T b ) = i n R(T-T b ) = f (l.OOmol) (8.314 j/mol.K)(l40K) 


-2800 J 


= 1746 J : 


1700 J 


; ^bc = Qbc - A£ int - 1746 J • 


-1700 J 


To summarize: ab : A£’ int = 0 ; Q = 3600 J ; W = 3600 J 

be: AE int = -1700 J ; Q = 0 ; IT = 1700J 

cd: AE mt = 0 ; 0 = -28OOJ ; W = -2800 J 

da: A£’ inl = I700J ; Q = 0 ; IT = -1700J 


(c) Using Eq. 20-1: 


IT 


3590 J + 1746 J- 2783 J- 1746 J 807 J 


e = 


3590J 


3590J 


■ = 0.2248 « 0.22 


Using Eq. 20-3: 


e = 


T (273 + 210) K 

= 1--T = 1--^ — = 0.2247 « 0.22 

T h (273 + 350) K 

The slight disagreement is due to rounding of various calculations. 

21. The adiabatic compression takes place between temperatures of 25°C and 430°C. Use the adiabatic 
relationship and the ideal gas law to express the volumes in terms of the temperatures. 


PV r - P,V b ; PV = nRT 

a a b b 7 


P=- 


nRT 

a 

V 


r , nRT. 

p h = - 

b K 


nRT nRT b r 
— - K = — 11 V b 


TV M = TV m 

'a'a ± b r b 


V 


V v. V 

a b b 


f T 7 A 




r - 1 


273K + 430K 
273K + 25K 


1.55 


22. The ideal coefficient of performance is given by Eq. 20-4c. 

T. [273 + 3. OlK I 

COP , , = = A A— = 14.53 =15 


T h -T l [22- 3.0] K 
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23. The ideal coefficient of performance for a refrigerator is given by Eq. 20-4c. 
T l _ (-15 + 273) K 


COP = 


T h -T l (33 + 273) K- (-15 + 273) K 


5.4 


Q W 

24. The COP for a heat pump is COP = — - and the efficiency is e = — . Thus they are reciprocals of 

W Q h 


each other. So if the efficiency is 0.38, the COP is 


1 


0.38 


2.6 


|25.| (a) The total rate of adding heat to the house by the heat pump must equal the rate of heat lost by 
conduction. 

Q l +W 


At 


■ = (650W/C °)(T m -T ut ) 


Since the heat pump is ideal, we have the following. 
TO 0 W 

\ _ out _ j _ _ rr 

T 


Q h Q L + W q l + w 

Combine these two expressions, and solve for T out . 

T 


Q l + W = W 


T -T , 

in out 


Ql+w = (650 w/c°) (r - rj = w 


At 


T =T. ■ 

out in 


At (T -T ,) 

\ in out / 


(T. -T t ) 2 = W 


At (650 W/C°) 


W 


At (650 W/C°) 


T 795 K 

” — =295K- (1500 W)- 


(650 W/C°) 


= 269 K = -4°C 


( b ) If the outside temperature is 8°C, then the rate of heat loss by conduction is found to be 

(650W/C°)(l4C°) = 9100W. The heat pump must provide this much power to the house in 
order for the house to stay at a constant temperature. That total power is (Q l + Wj j At . Use 
this to solve for rate at which the pump must do work. 


W 

0 Qc+W)/At = — 


\T ~T . , 

\ in out / 


= 9100W 


w 

— = 9100W 
At 


f j 1 r r ^ 

1 in 1 out 

V T in J 


= 9100 W 


f 14K A 


= 432 W 


V295K 

Since the maximum power the pump can provide is 1500 W, the pump must work 
432 W 


1500 W 


= 0.29 or E9% of the time 


26. The coefficient of performance for an ideal refrigerator is given by Eq. 20-4c, with temperatures in 
Kelvins. Use that expression to find the temperature inside the refrigerator. 


T 

COP = L - 


T -T 

± L 


T =T 

L H 


COP 


,5.0 


= [(32 + 273)Kl— = 254 K= -19°C 
1 + COP 6.0 
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27. The efficiency of a perfect Carnot engine is given by Eq. 20- la and Eq. 20-3. Equate these two 
expressions to solve for the work required. 


T W T W 

e = l — ; e = — -» 1 — - = — -» W = Q, 

tt /A m /^\ 


T„ Q h 

\ 


(a) W = Q h 

(b) W = Q h 
28. (a) Use Eq. 20-2. 


H 

f J 

1 L 

V T h) 

( r r \ 

1 L 

V T hJ 


= (3100J) 
= (3100J) 


T u Q„ 

0 + 273 
22 + 273 J 


f T ^ 

1 L 

V T hJ 


= 231.2 J 


230 J 


1 -- 


e,. 


-15 + 273^ 
22 + 273 , 

a 

Qh 


= 388.8 J: 


390J 


COP = — = — : 

,deal w q h -q l Qh_Ql_ j_ZL Zh_ZL 

Qh Qh T h T h T h 


T -T 

± H 


o b ) Use Eq. 20-3. 


e = \—-— -+ — = 1-e ; COP d , = ^ = 1 e 

T h T h Zh_ZL l-(l-e) 


1-e 


T T 

H H 


T (273-18)K 
(c) COP = L ' 


T -T 

± H ± L 


42 K 


6.1 


29. (a) Use the coefficient of performance and the heat that is to be removed (Q l ) to calculate the work 

done. The heat that is to be removed is the amount of heat released by cooling the water, 
freezing the water, and cooling the ice. We calculate that heat as a positive quantity. 

a 7i 

c °p ideal = — = — > 


w t h -t l 


w = 


Ql ( Th ~ T l ) _ [ mC H 2 0 AT , iv n4 + mL rn sm n + WC ice A7 le ] ( ■ T H ~ T L ) 


T T 


( 0.40 kg) [(41 86 J/kg-°C) ( 25C°) + 3.33 x 1 0 5 j/kg + (2 1 00 J/kg-°C) ( 1 7C°)] (42 K) 

(273K-17K) 


= 3.106x10 J ; 


3.1x10 J 


( b ) Now the compressor power (W/t) is given, and is to be related to the rate of removing heat 
from the freezer, Q L jt. 


pop _ g L _ QJt _ Qjt 
,deal W Wit P 


T -T 

H ± L 


t= QJJhzIA - Q^ T h~ T l) _ [ mc H 2 o^+mL^~\{T ti -T L ) 


PT 


PT, 


PT, 
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(0.40kg)[(4186J/kg- o C)(25C°) + 3.33xl0 5 J/kg](42K) 
(180W)(273K-17K) 


= 159.6s = 


2.7 min 


30. (a) The ideal COP is given by Eq. 20-4c. 

T, 


COP = 


T -T 

H L 


COP IT =(0.20) 


T -T 

± H 


= (0.20) ( 273 + 24 ) K = 4 243 « [4 2 


14K 


( b ) The compressor power can be found from Eq. 20-4a. 

W = - 


Q , ft 

COP _ -. n/ — 


w/t = 


w 


Qjt 

COP 


COP, 


33,000 


Btu 


1055 J 
Btu 


f 


lh 


A 


3600 s 


( lkW A 


(c) 2279 W 


lhp 
746 W 


eff 

y 

) 


4.243 


1000W 


= 2.279 kW: 


2.3 kW 


3. lhp 


|31.| The coefficient of performance is the heat removed from the low-temperature area divided by the 
work done to remove the heat. In this case, the heat removed is the latent heat released by the 
freezing ice, and the work done is 1 .2 kW times the elapsed time. The mass of water frozen is its 
density times its volume. 

ft _ mLj _ pVL { 


COP = ^- = 
V = 


w w 

(COP) Pt _ 


Pt 


Plf 


(7.0) (1200 W) (3600s) 
(l.0xl0 3 kg/m 3 )(3.33xl0 5 J/kg) 


= 0.0908m 3 


91L 


32. Heat energy is taken away from the water, so the change in entropy will be negative. The heat 
transfer is the mass of the steam times the latent heat of vaporization. 

^ Q '"A, (0.25 kg)(22.6x!0 5 J/kg) 

T T (273 + 100) K 


-1500J/K 


33. Energy has been made “unavailable” in the frictional stopping of the sliding box. We take that “lost” 
kinetic energy as the heat term of the entropy calculation. 

A S = Q/T= ^ mv: /r = i(7.5 kg) (4.0m/s) 2 /293 K = |o.20J/K 


Since this is a decrease in “availability,” the entropy of the universe has increased. 

34. Heat energy is taken away from the water, so the change in entropy will be negative. The heat taken 
away from the water is found from A O = mL,, . . Note that 1.00 nr’ of water has a mass of 

J z-' fusion 

1.00xl0 3 kg . 

Q mP . (l.00xl0 3 kg)(3.33xl0 5 J/kg) — — 

AS = — = fl!!2iL = _3 IS ' L = -1.22X10 6 J/K 

T T 273 K — 
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35. Because the temperature change is small, we can approximate any entropy integrals by AS = Q/T a „ ■ 
There are three terms of entropy to consider. First, there is a loss of entropy from the water for the 
freezing process, AS, . Second, there is a loss of entropy from that newly-formed ice as it cools to 

-10°C, A S', . That process has an “average” temperature of-5°C. Finally, there is a gain of entropy 

by the “great deal of ice,” A S 3 , as the heat lost from the original mass of water in steps 1 and 2 goes 

into that great deal of ice. Since it is a large quantity of ice, we assume that its temperature does not 
change during the processes. 


AS = — = - 
AS, A = 


mL c 


me . A T, 


(l.OO x 10 3 kg) (3.33 x 10 5 J/kg) 

273 K 

( 1 .00 x 1 0 3 kg) ( 2 1 00 j/kg-C° ) ( 1 0C° ) 


T T 

2 2 


AS, = — = ■ Ql Ql 


mL c 


(-5 + 273)K 
+ mc. AT 


= -1.2198xl0 6 J/K 

= -7.8358x10 4 J/K 


T T T 

(l.00xI0»kg)[(3.33xl0’j/kg) + (210Qj/kg.C)(l0r)] t , 

(-10 + 273) K ■ 7 

AS = AS, + AS, + AS 3 = -1.2198X 10 6 J/K - 7.83 58 x 10 4 J/K+ 1.3460x 10 6 J/K 


36- (a) AS water = 


= 4.784xl0 4 J/K = pxlO 4 J/K 
Q 

-s-'wa 


m , L . , 

water vaporization 


(0.45kg) (2.26x10 s J/kg) 


T 


373 K 


= 2727 J/K » 2700 J/K 


(. b ) Because the heat to vaporize the water comes from the surroundings, and we assume that the 


temperature of the surroundings does not change, we have AS surroundi = -AS water = 


-2700 J/K 


(c) The entropy change of the universe for a reversible process is AS univcrse = [o]. 

( d) If the process were irreversible, we would have |AS surroundings | < AS water , because the temperature of 
the surroundings would increase, and so 


AS 


>0 


|37.| The same amount of heat that leaves the high temperature heat source enters the low temperature 
body of water. The temperatures of the heat source and body of water are constant, so the entropy is 
calculated without integration. 


Q Q 

AS = AS,+AS, =-— + — = 0 


high 


1 


1 


y ^low ^high J 


A S__Q_ 

f— - — 

= (9.50cal/s) 

( 4. 1 86 J^ 

f ! 1 ^ 

t t 

\ Tiow ^high ) 

/ leal y 

V (22 + 273)K (225 + 273) K y 


5.49x10" 


J/K 
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38. The equilibrium temperature is found using calorimetry, from Chapter 19. The heat lost by the 

aluminum is equal to the heat gained by the water. We assume the Styrofoam insulates the mixture. 


m 


i c ai ( T iM ~ T f ) = m wo c wo ( T f - T m 2 o) 


— > 


T _ m M C M T iM +m H 2 0 C H 2 0 T ,H 2 0 
m M C M m H,0 C H,0 


(2.8 kg) (900 J/kg.C°) (43.0°C) + ( 1.0 kg) (4186 J/kg.C°) (20°C) 


(2.8 kg) (900J/kg*C°) + (1.0 kg)(4186J/kg.C°) 


= 28.64°C 


AS = A5 A i + A^ Hj0 = j ^ + j 


d Qus 


f dT r 

J ~Y + m n 2 o c n 2 o J j, 


dT 


T T J T 

i Al 1 H 1 0 


h final , ] tinal 

— + W H 2 0 C H 2 0 ln — 

-*ai -*h 9 o 


, w . . (273. 15 + 28. 6)K , w . (273.15 + 28.6)K 

~ (2.8kg) (900 j/kg«K) In y— — - - - ’ +(l.0kg)(4186J/kg.K)ln- j 


(273. 15 + 43. 0)K 


(273.15 + 20.0)K 


4.4 J/K 


39. Because the process happens at a constant temperature, we have AS = Q/T . The heat flow can be 
found from the first law of thermodynamics, the work for expansion at a constant temperature, and 
the ideal gas equation 


AE mi =Q-W = 0 


Q PV P. 

AS = — = In— = ■ 


v P 

Q = W = nPTln^ = PV In— L - 


V P 

V 1 1 2 


) (l.013xl0 5 Pa) 

(2.50xl0 _3 m 3 ) 

1 ] 7.5 atm | 


9.3J/K 

410K 

■In — 

1 .0 atm 1 


40. (a) We find the final temperature of the system using calorimetry, and then approximate each part 
of the system as having stayed at an average constant temperature. We write both heat terms as 
positive and then set them equal to each other. 




gained 


m, 




T 771 + T 77 7 

± hot not ' ± cool cool 


m ,+m. t 

cool hot 


(38.0°C) (3.0kg) + (12.0°C) (2.0kg) 
5.0 kg 


= 27.6°C 


To calculate the entropy we must use the correctly signed heat terms. 


^ cool =- 


cool 

avg 


^hot = ' 


"^A^-TA (2.0kg) (4186 j/kg.K)(27.6°C-12.0°C) 

+ f [(273K + 12.0K) + (273 K + 27.6 K)] 

™ h A T ^-TrA _ (3.0kg) (4186 J/kg»K) (27.6 - 38.0°C) 


= 446.0 j/kg 


hot 

avg 


H^ + ZL) f[(273K + 38.0K) + (273K + 27.6K)] 


= -427.1 J/kg 


AS = AS cool + AS hot = 446.0 J/kg - 427. 1 J/kg = 1 8.9 J/kg * 1 9 J/kg 
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(. b ) We use the final temperature as found above, and then calculate the entropy changes by 
integration. 

» r , f dQ i T '"f m f dT , T 

AS ,= ^ = m .cin- 5251 

COOl J rjri J m COOl rri 


= (2.0kg) (4186 J/kg-K) In 


» r, f dQ. . V m \ , c dT , T | 
AS. = -^sl = — hs: = m c in-“ 

hot J rri J rri hot rj-, 


^273K + 27.6K A 


273 K + 12.0 K 


= 446.2 j/kg 


= (3.0kg) (4186 J/kg-K) In 


^ 273K + 27.6K a 
v 273K + 38.0K y 


= -427.1 J/kg 


AS = AS cool + AS ho , = 446.2 j/kg - 427.1 J/kg = 19.1 J/kg * |l9J/kg 
Using the integrals only changed the answer by about 1%. 

41. (a) The same amount of heat that leaves the room enters the ice and water. 


AS melt = 


AS 


Qr nelt _ ™ L 1 


T T 

melt melt 


3.33xl0 5 J/kg , . , 

fcsio „ =m L-2- = (1219.78m) J/K 


J* ^^/warming j* 


T 


273 K 

= me In = m (4186J/kg.K)ln^^ = (295.95m) j/K 


273 K 


-mL-mc(T -T ) 

AS. = ^ = -m 


3.33x10 s J/kg + (4186 J/kg.K)(20K)' 


293 K 


= (-1422.25m) J/K 

AS, ota i=AS melt +AS w . +AS room = (l219.78m)j/K + (295.95m)j/K-(l422.25m)j/K 


= 93.48m J/K - (93m)j/K 


This process |will| occur naturally. Note that we are assuming that m is in kg. 

( b ) For this situation, every heat exchange is exactly the opposite as in part (a). Thus we have 


AS. 


( -93 m ) J/K . This [will not| occur naturally. 


42. Since the process is at a constant volume, dQ = nC v dT . For a diatomic gas in the temperature range 
of this problem, C v = f S . 




dQ _ fnCydT_ = |( 2 .0mol)(8. 3 l 4J /mol. K )ln (273 + 55) K = 

T f (273 + 25)K 


4.0 j/K 


|43.| (a) To approximate, we use the average temperature of the water. 


AS = { 


dQ _ A Q _ mcATf 
T T T 


(1.00 kg) 


4186 


kg.K 


(75C°) 


(273 + /75)K 


= 101 1 j/K - 1010 J/K 
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(b) The heat input is given by Q = me AT, so dQ = mcdT. 




mcdT , T \ 

/J7c i n — ^ - (l.OOkg) 


4186- 


kg*K 


In 


(273 + 75) K 
(273) K 


= 1016J/K ~ 1020J/K 


The approximation is only about 1% different. 

(c) We assume that the temperature of the surroundings is constant at 75°C (the water was moved 
from a cold environment to a hot environment). 


AS = J 


dQ A Q -me AT 

wa 


-(1.00 kg) 


4186 


kg*K 


(-75 C°) 


(273 + 75) K 


-900 J/K (2 sig. fig.) 


surroundings 

If instead the heating of the water were done reversibly, the entropy of the surroundings would 
decrease by 1 020 J/K. For a general non-reversible case, the entropy of the surroundings would 
decrease, but by less than 1020 J/K (as in the calculation here). 

44. Entropy is a state variable, and so the entropy difference between two states is the same for any path. 
Since we are told that states a and b have the same temperature, we may find the entropy change by 
calculating the change in entropy for an isothermal process connecting the same two states. We also 
use the first law of thermodynamics. 


AE . = nC.AT = 0 = Q-W 

int V ZE 


Q = W = nRT\n(VjV ii ) 


AS = \ 


dQ _Q _nRT\u(V b /V) 


nR\n(V h /V) 


45. (a) The figure shows two processes that start at the same state. The 
top process is adiabatic, and the bottom process is isothermic. We 
see fro m the figu re that at a volume of 172, the pressure is greater 
for the adiabatic process. We also prove it analytically. 


Isothermal: 


PV PV 

V 1 _ 2 r 2 

T T 

1 2 


V. T 

P 2 =P,— - = P, 

V T 

r 2 1 


f v' 


kWj 


Adiabatic: PfQ = P 2 V 2 — 

Since y> 1, we see that (P 2 ) 


P =P 
1 2 1 \ 


T Y 


= P, 


V 


(l) = 2P { 

Y 




= 2 r P, 


>te) 


(P 2 ) 

. , . . The ratio is — — 

isothermic / ZD \ 

V 2 / is< 



2 r P 


2 P 


- = 2 . 


y - 1 


( b ) For the adiabatic process: No heat is transferred to or from the gas, so AS, 

Q 

isothermal 

■dQ, 


-Jf=! 


For the isothermal process: A E mt =0 

isothermal 


^isothermal ^isothermal YlRT 111 


V 2 

yKy 


AS 


J* ^isothermal J* ^ Q 


a e, 


zY isothermal 


nRT ln(F 2 /F,) 


= nR \n(VJV,) = nR ln(j) = |-«i?ln2 
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( c ) Since each process is reversible, the energy change of the universe is 0, and so 

For the isothermal process, 


AS .. = -AS , . For the adiabatic process, AS 

surroundings system r 7 surroundings 


AS 


surroundings 


nR In 2 


46. (a) The equilibrium temperature is found using calorimetry, from Chapter 19. The heat lost by the 
water is equal to the heat gained by the aluminum. 


m u 


D C H 2 0 ( r H 2 0 - T f ) = m M C M ( T f ~ T M ) 


T f = 


+ /W h,0 C H,0^H,O 


m Al C M m n,0 C H,0 


(0.150kg) (900J/kg.C°)(l5°C) + (0.215kg) (4186 J/kg.C°)(l00°C) 
( 0. 1 50 kg) ( 900 J/kg.C°) + ( 0.2 1 5 kg) (4 1 86 J/kg-C°) 


= 88.91°C = |89°C 

^'filial 1s~\ 

(b) AS = AS a1 + AS Hj0 = J + J 
T. 


dQ, + TdQ^ 

T ) T 


T T 

final jrrt final <m 

r dl r dl 

1 J — + m WO C H 2 0 J ~ 


— i7i c In — - — h in c In - 

m Al C Al 111 T m H 2 0 C 'H 2 0 111 T 

-*ai ■'h.o 


= (0.150kg) (900 J/kg-K) In 


+ (0.215kg)(4186J/kg-K)ln 


(273.15 + 88.91) K 
(273.15 + 15) K 
(273.15 + 88.91)K 


(273.15 + 100) K 


3.7J/K 


47. (a) Entropy is a state function, which means that its value only 
depends on the state of the sample under consideration, not 
on its history of how it arrived at that state. A cyclical 
process starts and ends at the same state. Since the state is 
the same, the entropy is the same, and thus the change in 
entropy for the system is 0. Then, because all of the 
processes involved are reversible, the entropy change for the 
universe is 0, and so the entropy change for the surroundings 
must also be 0. 

(. b ) For the two adiabatic processes, Q is constant. Thus 
dQ 

dS = = 0 for every infinitesimal part of an adiabatic 



V 


path, and so A$ hc = A.S l;i = 0. For the two isothermic processes, we have the following, based on 
the first law of thermodynamics and Eq. 19-8. 

AE mt = Q-W = 0 -> CL = W b = nRT u \n^- -+ 


siaie 

AS,. = j 


'dQ 


T 

state a H 


1 state b 

p 1 


nRT H In — 

V V V 

2- = nR In— ; AS . = nR ln^ 

T v V 
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V V 

AS , = A.S' „ + AS , = nR In — + nR In ^ = nR In 


J cycle 


V 


V 


TO 

Kj 


V V V V 

From the discussion on page 534, we see that — = — — — = 1. Thus 


V V A 


V V 


AS , = nR In 

cycle 


v V V . 

V a c / 


= nR In 1 = 0. 


48. (a) The gases do not interact since they are ideal, and so each gas expands to twice its volume with 
no change in temperature. Even though the actual process is not reversible, the entropy change 
can be calculated for a reversible process that has the same initial and final states. This is 
discussed in Example 20-7. 

V 

AS,, = AS, = nR In — = nR In 2 

iN 2 A.r -y 


AA iotal = AS N + AS Ar = 2nR In 2 = 2(l .00 mol) (8.3 14 j/moEK) In 2 = 1 1.5 j/K 


( b ) Because the containers are insulated, no heat is transferred to or from the environment. Thus 
d(Q 


AS, 


surroundings 




(c) Let us assume that the argon container is twice the size of the nitrogen container. Then the final 
nitrogen volume is 3 times the original volume, and the final argon volume is 1.5 times the 
original volume. 

fv\ fv\ 

= nR In 1.5 

AS m = A£ n + AS m = nRln3 + nRlnl .5 = nR In 4.5 = (l.00mol)(8.314 j/mol*K)ln4.5 
= 12.5 J/K 



(VA 



(VA 

nR In 


= n R In 3 

; AS Ar = nR In 



UJ 

N, 


UJ 


49. For a system with constant volume, the heat input is given by Eq. 19- 10a, Q- nC v AT. At 

temperature T, an infinitesimal amount of heat would result in an infinitesimal temperature change, 
related by dQ = nC v dT. Use this with the definition of entropy. 

dQ nC v dT dT T 


dS = - 


dS nC„ 


This is exactly the definition of the slope of a process shown on a T—S graph, so the slope is 


nC, 


A function with this property would be T = T 0 e 


S/nC v 


50. We assume that the process is reversible, so that the entropy change is given by Eq. 20-8. The heat 
transfer is given by dQ = nC v dT. 


■dQ nC v dT _ f n (aT + ht ) dT 


s _ J "U _ J n ^v a i _J 


‘2 

= | n(a + bT 2 ^dT = n^aT + ^bT 3 ^) 
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= (0.15mol)r(2.08mj/mol-K 2 )(l.0K-3.0K) + |(2.57mj/mol-K 4 )r(l.0K) 3 -(3.0K) 3 


^.OmJ/K 


5 1 . (a) Express the first law of thermodynamics in differential form, as given in Section 19-6. 
dE mt ~dQ-dW 

For a reversible process, dQ = TdS (Eq. 20-7), and for any process, dW = PdV. Also, since 

nRT 


A E. = nC v AT, we have dE mt = nC v dT. Finally, for an ideal gas, P = 


V 


dE mt =dQ- dW -> nC v dT - TdS - PdV = TdS - 


nRT 

V 


dV 


TdS = nC v dT +—dV 
V 


dT 

dS = nC„ t- nR 


dV_ 

V 


(b) Use the ideal gas law, the differentiation product rule, and Eq. 19-11, with the above result. 

PdV VdP nRdT 

PV = nRT PdV + VdP = nRdT + = 


nRT nRT nRT 


PdV VdP dT dT dV dP 

+ = — — » — = + — 

PV PV T T V P 


dT dV 

dS = nC,, 1- nR = nC. 

T V 


( dV dP\ n dV „ dP . >dV 

1 + nR — nC v 1- n ( C v + R ) — — > 

yv p ) v p v 


„ dP „ dV 

dS = nC ,, 1 - nC„ 

P V 


( c ) Let dS = 0 in the above result. 

„ dP „ dV n „ dP „ dV dP C p dV dV 

dS-nC v vnC p — = 0 — > nC,, — -—nC p — — » — = = —y — 

P V P V P C v V V 

f dP , f dV - T , „ , T/ -y r . In P InW'+C lnV~ r C 

J — ~~Vj — ^ > lnr = —ymV + C = mV +C — > e =e =e e — > 


P = V~ r e c 


PV r = constant 


= e 


52. (a) The kinetic energy the rock loses when it hits the ground becomes a heat flow to the ground. 
That energy is then unavailable. We assume the temperature of the ground, T L , does not 
change when the rock hits it. 


A Q K 

AS = — = — -y E. =TAS = T 

rji rji lOSt L L 


\ T lJ 


= K 


( b ) The work done in a free expansion (which is isothermic if it is insulated) becomes unavailable 

V 

as the gas expands. From Example 20-7, A S = nR In—. The work done in an isothermal 

V 

expansion is given in Eq. 19-8, as W - nRT In— . Since it is isothermal, T = T h . 


V 


K« = T [ AS = T ] nR\n(VjV ] ) = W 
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( c ) Assume an amount of heat Q H is transferred from a high temperature reservoir T u to a lower 
temperature reservoir 7] , The entropy change during that process is AS = The 


t l t h 


<?h q , 


T T 

± L J H 


energy “lost” is T L AS = T L — 1 — = (Q n 1 — - - Q H e c = W. The work done during the 


process is no longer available to do any other work, and so has become unavailable to do work 
in some other process following the first process. 


53. The total energy stored in the copper block is found from the heat flow that initially raised its 
temperature above the temperature of the surroundings. 

Q = me AT = (3.5kg) (390 j/kg.K) (200K) = 2.73xl0 5 J 

We find the entropy change assuming that amount of energy leaves the copper in a reversible 
process, and that amount of energy enters the surroundings. The temperature of the surroundings is 
assumed to be constant. 




= me Inf I = (3.5kg) (390 j/kg-K) Inf ] = -716 J/K 
T 490 K J 490 K 


me AT 2.73x10 J 


T T .. 290 K 

surroundings surroundings 

E lost = T l AS = (290K)(225J/K) = 6.5x1 0 4 J 
W .... = Q-E . , = 2.73x10 5 J-6.5x10 4 J = |2.1x10 5 J 

available ^ lost 


= 941 j/K ; AS = (941 - 716) J/K = 225 J/K 


For four heads: 

W = 1 -» 

AS = k\nW = (l.38xlO” 23 j/K)lnl = [ 


For 3 heads, 1 tail: 

W = 4 -> 

AS = k\nW = (1.38x10 23 J/K)ln4 = 

1.91 xlO' 23 J/K 

For 2 heads, 2 tails: 

T 

VO 

II 

AS = k In W = ( 1 .38 x 1 0 -23 J/k) In 6 = 

2.47 xlO -23 J/K 

For 1 head, 3 tails: 

W = 4 -> 

AS = k\nW = (1.38x10 23 J/K)ln4 = 

1.91 xlO' 23 J/K 

For four tails: 

W = 1 -> 

AS = k\nW = (l.38xlO” 23 j/K)lnl = [ 

l 


From the table below, we see that there are a total of 2 6 = 64 microstates. 


Possible Microstates (H = heads, T = tails) 


Number of 
Microstates 


6 heads, 0 tails 


5 heads, 1 tails 


H H H H H H 


HHHHHT HHHHTH HHHTHH HHTHHH HTHHHH THHHHH 


HHHHTT HHHTHT HHTHHT HTHHHT THHHHT 


HHHTTH HHTHTH HTHHTH THHHTH HHTTHH 


HTHTHH THHTHH HTTHHH THTHHH TTHHHH 


HHHTTT HHTHTT HTHHTT THHHTT HHTTHT 


HTHTHT THHTHT HTTHHT THTHHT TTHHHT 


TTTHHH TTHTHH THTTHH HTTTHH TTHHTH 


THTHTH HTTHTH THHTTH HTHTTH HHTTTH 


TTTTHH TTTHTH TTHTTH THTTTH HTTTTH 


TTTHHT TTHTHT THTTHT HTTTHT TTHHTT 


THTHTT HTTHTT THHTTT HTHTTT HHTTTT 


TTTTTH TTTTHT TTTHTT TTHTTT THTTTT HTTTTT 


4 heads, 2 tails 



3 heads, 3 tails 



2 heads, 4 tails 



1 heads, 5 tails 


0 heads, 6 tails 
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( a ) The probability of obtaining three heads and three tails is 20/64 or 5/16. 

(. b ) The probability of obtaining six heads is l/ 64 . 

56. When throwing two dice, there are 36 possible microstates. 

(a) The possible microstates that give a total of 7 are: (1)(6) , (2)(5) , (3)(4), (4)(3), (5)(2), and 

(6)(1). Thus the probability of getting a 7 is 6/36 = 1/ 6 . 

( b ) The possible microstates that give a total of 1 1 are: (5)(6) and (6)(5). Thus the probability of 
getting an 1 1 is 2/36 = l/l8 . 

(c) The possible microstates that give a total of 4 are: (1)(3) , (2)(2) , and (3)(1). Thus the 
probability of getting a 5 is 3/36 = l/l2 . 

57. (a) There is only one microstate for 4 tails: TTTT. There are 6 microstates with 2 heads and 2 

tails: HHTT, HTHT, HTTH, THHT, THTH, and TTHH. Use Eq. 20-14 to calculate the 
entropy change. 



( b ) Apply Eq. 20-14 again. There is only 1 final microstate, and about 1.0 xlO 29 initial microstates. 



(c) These changes are much smaller than those for ordinary thermodynamic entropy changes. 
For ordinary processes, there are many orders of magnitude more particles than we have 
considered in this problem. That leads to many more microstates and larger entropy values. 



59. (a) 


(b) 


Assume that there are no dissipative forces present, and so the energy required to pump the 
water to the lake is just the gravitational potential energy of the water. 

U pm = mgh = (l.35xl0 5 kg/s)(l0.0h)(9.80m/s 2 )(l35m) = 1.786xl0 9 W-h 

(l.786xl0 6 kW-h)(0.75) 

14h 
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60. The required area is 


22 


10 3 W-h 

day 


lday 

9hSun 


lm 2> 
40 W y 


= 61 m" 


60 nr 


. A small house with 1 000 ft 2 


of floor space, and a roof tilted at 30°, would have a roof area of ( 1000 ft 2 ) 


f 1 ) 

f \m V 

V COS30°y 

V3.28 ft J 


110 m , which is about twice the area needed, and so | the cells would fit on the house . But not all 
parts of the roof would have 9 hours of sunlight, so more than the minimum number of cells would 
be needed. 


|61.| We assume that the electrical energy comes from the 100% effective conversion of the gravitational 
potential energy of the water. 

W = mgh — > 

P = — = — gh = p— gh = (l.00xl0 3 kg/m 3 )(32m 3 /s)(9.80m/s 2 )(38m) 


1.2xl0 7 W 


62. (a) Calculate the Carnot efficiency for an engine operated between the given temperatures. 

T (273 + 4)K 

e. . =1 — ~ = l~y { — = 0.077 = 7.7% 

T ti (273+27) K 

( b ) Such an engine might be feasible in spite of the low efficiency because of the large volume of 
“fuel” (ocean water) available. Ocean water would appear to be an “inexhaustible” source of 
heat energy. And the oceans are quite accessible. 

(c) The pumping of water between radically different depths would probably move smaller sea- 
dwelling creatures from their natural location, perhaps killing them in the transport process. 
Mixing the water at different temperatures will also disturb the environment of sea-dwelling 
creatures. There is a significant dynamic of energy exchange between the ocean and the 
atmosphere, and so any changing of surface temperature water might affect at least the local 
climate, and perhaps also cause larger-scale climate changes. 


63. The gas is diatomic, and so y = 1.4 and C v -\R. 

(a) Find the number of moles by applying the ideal gas law to state a. 

PV (l.013xl0 5 Pa)(0.010m 3 ) 


PV = nRT 


n = - 


RT (8.314 j/mol-K) (300 K) 

(. b ) Find T c using the adiabatic relationship with the ideal gas law. 

TY y ~ x — TT/r- 1 


= 0.406 mol = 


0.41 mol 


PV 7 = PV r 

c c a a 


nRT * v r _ " RT < yr 


T =T 


fyY-' 




V V 

c a 

= (300K)(2)°' 4 =396K = 


TV 7 

c c a a 


400 K 


(2 sig. fig.) 


(c) This is a constant volume process. 

Oc = nC V ( T c -T b ) = 1 "R(T -T b ) =f(0.406mol)(8.314j/mol.K)(96K) 


= 810.1 J 


810J 


( d) The work done by an isothermal process is given by Eq. 19-8. 


!T ab = nRT\ny = (0.406 mol) (8.314 j/mol-K) (300 K) In 


0.0050 

0.010 


= -702 J i 


-700 J 
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( e ) Use the first law of thermodynamics, and the fact that Q ca = 0. 

AE =Q -W =-W -> 

int - 2 ~-ca ca ca 

ca 

W a = -A E mt = -nC v AT = n(fR)(T~T) = f (0.406mol)(8.314j/mol-K)(396K-300K) 


= 810.1 J 


810J 


(/) Heat is input to the gas only along path be. 


e = 


W W +W h 810.1 J — 702 J 

ca ab 


(<?) ^Carnot 


Q a 810. 1J 

-s+'in -^bc 

T-T 396 K- 300 K 


0.13 


396 K 


0.24 


64. (a) The equilibrium temperature is found using calorimetry, from Chapter 19. The heat lost by the 
water is equal to the heat gained by the aluminum. 

Vo C H 2 0 ( T WO - T f)= m M C M ( T f ~ T M ) 


m u 


— » 


T _ m M C M T M +m H 2 Q C H 2 0 T WQ 

m A\ C Ai m a 2 o C H 2 o 


( 0.1265kg) (900 J/kg-C°)(l8.00°C) + (0. 1325 kg) (41 86 J/kg-C°)(46.25°C) 


(0.1265 kg) (900 J/kg.C°) + (0.1325 kg) (41 86 J/kg.C°) 

^final J Minal J/T ^final im Minal jrp 

(b) AS = AS Al + A 5 Hi0 = j — - + j — ^ = "UU, j — + "UoUro j T 


41.44°C 


h final , i final 

— + w H 2 o c H 2 o ln — 
1 A 1 * H ,0 


= (0.1265kg) (900 J/kg-K) In 


+ (0. 1325kg) (4186 J/kg-K) In 


(273.15 + 41.44) K 
(273.15 + 18.00)K 
(273.15 + 41.44)K 


(273. 15 + 46.25) K 


0.399J/K 


65. (a) For each engine, the efficiency is given by e = 0.65e Cam t . Thus 


( 

' t.A 


so 

o 

II 

1 — u. 

= 0.65 

l 

V ^H1 J 



f T m ' 


IT) 

so 

o 

II 

1 

= 0.65 


T 

V 1 U2 A 

j 


’ (430 + 273) K _ 

(710 + 273)K 

, _ (270 + 273) K 
(415 + 273) K 


= 0.185 


= 0.137 


For the first engine, the input heat is from the coal. 

w i = CQn = and Q u =Q m -W l =( 1 -e, ) Q aal . 

For the second energy, the input heat is the output heat from the first engine. 
w 2 = e iQm= e iQu = u ( 1 - e i ) 

Add the two work expressions together, and solve for (Q ari . 
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W t +W 2 = e,0 coal + e 2 ( 1 - e, ) g coal = (e,+e 2 - e,e 2 ) g coal 

{W l+ W 2 )/t 


W l + W 2 

^coal 


— > 


^1 + C 2 — 


2coalA=- 


^1 + 6? 2 — ^ 1^2 


Calculate the rate of coal use from the required rate of input energy, Q out / 1 . 


Qjt = 


950x10 W 


(3.202 xlO 9 J/s) 


0.1 85 + 0.137 -(0.185) (0.137) 
lkg 3 


= 3.202 xlO 9 J/s 


2.8x10 J 


= 114.4 kg/s « 110kg/; 


( b ) The heat exhausted into the water will make the water temperature rise according to Eq. 19-2. 
The heat exhausted into water is the heat from the coal, minus the useful work. 


Q exhaust 2 C oal ’ 2exhmst W H,0 C H,<A^H,0 ^ W7 H,0 


-w 


c AT c AT 

< 'H,0 H,0 H.O 




In It)-(Wlt) (3.202X10 9 J/s) -(9.50x10 s ) J/s , , 

+0 _ (U coal /U V y l l ) _ V I) \ - = 9.782 xl0 4 kg/s 


c AT 


(4186J/kg-C 0 )(5.5C°) 


z' 


9.782 xl0‘ 


v 


kg 
s J 


( s 

3600- 

V h 


^ lm 3 V 1L V lgal A 

V 3.785L j 


1000kg 


1 f \~ ^ 3 

10 m 


9.3xl0 7 gal/h 


66. We start with Eq. 20-4a for the COP of a refrigerator. The heat involved is the latent heat of fusion 
for water. 

W = -^~ -+ 

If COP 

5 tons _ 5(909kg/d)(3.33xl0 5 J/kg) 


COP = Ai- 


w/t = 


QJt 


COP 0.15 COP, 


0.15 


^273K+22K A 


13K 


• = 4.446 x10 s J/d 


cost/h = (4.446 x 10 s J/d) 


^ Id A 


V 24h y 


lkWh ^ 


3.600x10 J 


$0.10^ 

kWh 


$0.5 1/h 


|67.| (a) The exhaust heating rate is found from the delivered power and the efficiency. Use the 

output energy with the relationship Q = me AT = pVcAT to calculate the volume of air that is 
heated. 

e = W/Q u =W/(Q L +W) -> Q l =W( l/e-l) -> 

Qjt = W/t( 1/e - 1) = (9.2 x 10 s W) (1/0.35-1) = 1.709 xl0 9 W 

me AT pVcAT 


Q l = me AT 


Qjt=- 


v/t = 


{QJt) 


t t pcAT 

The change in air temperature is 7.0 C° . The heated air is at a constant pressure of 1 atm. 

vj = 


(Qjt)t_ 1 

(l.709xl0 9 w) 

(8.64xl0 4 s/day) 

l 

pc AT | 

( 1-2 kg/m 3 ) 

(l.OxlO 3 j/kg*C°) 

(7.0C°) 
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= 1.757 xl0 10 m 3 /day 


^ 10Am A 
lm J 


= 17.57 km 3 /day = 18km 3 /day 


( b ) If the air is 200 m thick, find the area by dividing the volume by the thickness. 


A = - 


Volume 17.57 km 


thickness 0.15 km 


= 117km- « 


120 km- 


This would be a square of approximately 6 miles to a side. Thus the local climate for a few 
miles around the power plant might be heated significantly. 


68. The COP for an ideal heat pump is found from Eq. 20-5. 


(a) COP = — = 


T h _(24 + 273)K = 23 


W Q„~Q r T h -T l (24-ll)K 
(b) From Figure 20-11, The heat delivered from a heat pump is Q u . 

0„ 

COP = — -> 

w 

Q H =(!F/t)(t)(COP) = (l400W)(3600s)(22.85) = 1.152xl0 8 J : 


1.2x10 J 


69. All of the processes are either constant pressure or constant volume, and so the heat input and output 
can be calculated with specific heats at constant pressure or constant volume. This tells us that heat 
is input when the temperature increases, and heat is exhausted when the temperature decreases. The 
lowest temperature will be the temperature at point b. We use the ideal gas law to find the 
temperatures. 


PV = nRT T = - 


PV 


— > 


T = i py± r = 
b nR ’ a 


nR 

Pq(W 0 ) 

nR 


= 2T , T = ^ P ^ V ° = 3T T a = = 6 T b 

b 5 c b’ d b 


nR 


nR 


(a) process ab: W ab = PAY - P 0 (~V 0 ) = -P 0 V 0 ;Q db < 0 


process be: W bc =PAV = 0; =nC v AT = jnR(T -T b ) = jnR(2T b ) = jnR 


PV 

2 0 0 I - 3 pv 

^ rt I J 1 V 0 

nR 


process cd: W bc = PAV - 3P 0 V 0 ; 


process da: 


Q cd = nC p AT = f nR(T A -T) = jnR{3T b ) = f nR 

W da =PAV = 0- <9 da < 0 

w 3py„ - py„ 2 


r 


py„ 


3 0 0 = ii PV 

„ 2 ± 0 r 0 

V nR 


rectangle 


3 PV -PV 

0 0 0 0 = — = 0.1905 = 10.19 


O 3py + npy 11 

-^ 0 0 2 0 r 0 2 


(b) e c 


T-T, 67; - T 


T„ 


6T 


= 0.8333 


rectangle 


0.1905 

0.8333 


0.23 


70. (a) Calculate the Carnot efficiency by e = 1 -T l /T h and compare it to the 15% actual efficiency. 
Carnot = 1 - r L /r H = 1 - (95 + 273) K/(495 + 273) K = 0.521 = 52. 1% 

Thus the engine’s relative efficiency is c actual /e Camot = 0.15/0.521 = 0.288 ; 


29% 
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( b ) Take the stated 155 hp as the useful power obtained from the engine. Use the efficiency to 
calculate the exhaust heat. 

W ( 746W^ < : — 

P = — = ( 155 hp) = 1.156xlO s W = 1.16 x 10 5 W (for moving the car) 

t y i hp 

w w 


Qu Q l +w 


fi \ (i \ ( 

Q l =W --1 =Pt — 1 =(l. 156x10 s j/s)(lh) 

\e ) \e ) \ 

= 2.36x 10 9 J - |2.4xl0 9 j| = ( 2.36xl0 9 j)f-^^- 
v \4186J 


3600 sV 1 


lh A 0.15 


lkcal I - |5.6xl0 5 kcal 
4186 J ) 


71 . (a) The exhaust heating rate can be found from the delivered power P and the Carnot efficiency. 

Then use the relationship between energy and temperature change, Q = me AT , to calculate the 

temperature change of the cooling water. 

T W W T. . , T T 

e-l — k = — = -» Q=W — -» Q, t = W t — L — = P — 

t h a, Qc+w t h -t l t h -t l t h -t l 


Q It = wit Th = P Tl 

t- / ' m rji rji rji 

^ L ^ L 


, m V 

Q = me AT — > Q It = — cAT = p—cAT 

t t 

Equate the two expressions for Q L ft, and solve for AT . 

TV P T 

P L — = p-cAT -> AT = 

T -T t V T -T 

H p— c H L 

t 


E5xl0 W 


285 K 


(l.0xl0 3 kg/m 3 )(34m 3 /s)(4186j/kg.C°) (625K-285K) 

( b ) The addition of heat per kilogram for the downstream water is Q L /t = cAT . 


= 5.006K= 5.0C” 




m J m J mT 


290 K 


285 K 


72. We have a monatomic gas, so y = f. Also the pressure, volume, and 

temperature for state a are known. We use the ideal gas law, the 
adiabatic relationship, and the first law of thermodynamics. 

(a) Use the ideal gas equation to relate states a and b. Use the 
adiabatic relationship to relate states a and c. 

P h V h PV 

b b a a v 


V T h . nn Y 22.4 L )( 273 K | r— — 

P. = P — — = (l. 00 atm) = 0.400 atm 

*KT \56.0lJ^273kJ 

py r =PV r 


fvX f224LV /3 

P=P = ( 1.00 atm) — 

c A V V 56.0L J 



= 0.2172atm ~ 0.217atm 


Isothermal 
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( b ) Use the ideal gas equation to calculate the temperature at c. 


PY h PV 

b b c c 


p v 

= T =T.- s — s - = { 273K) 

. P v V > 


^ 0.2 172 atm A 
v 0.400 atm j 


( 1 ) = 


148 K 


(c) Process ab: A E iat = nC v AT = [o] ; 


Q ab = W ab = nRTki-Y = (l.00mol)(8.314j/mol»K)(273K)ln2.5 


= 2079.7 J 


2080 J 


Q h 2079.7 J 

AS . = 

T b 273 K 


7.62 j/K 


Process be: ff k =[| ; 

A£ int = g bc = nC v AT = (l .00 mol) } (8.3 14 j/mobK) (148 K - 273 K) 


= -1559 J 


^ =\ d i=\ 

U ‘ T 


-1560 J 


U< ^ ] C ^ = nC In— = (l .00 mol) 4 (8.3 14 j/mol»K)ln 
T T b 273 K 


-7.64 J/K 


Process ca: 2 ca =0 ; AS bc = [o] (adiabatic) ; 

A£ ml =~W = -A E mt - A E mt = -0 - (-1560 J) 


A E . = 


1560 J 


IP. = 


-1560 J 


(d) e = 


IP 2080 J - 1560 J 


-s^in 


2080 J 


0.25 


|73.| Take the energy transfer to use as the initial kinetic energy of the cars, because this energy becomes 
“unusable” after the collision - it is transferred to the environment. 


A 

T T 


(1100kg) 


(75km/h) 


f lm/s A 


3.6km/h 


(15 + 273) K 


1700 J/K 


74. (a) Multiply the power times the time times the mass per Joule relationship for the fat. 


(95j/s)(3600s/h)(24h/d)(l.0 kg fat/3.7xl0 7 j) = 0.22 18 kg/d « 0.22kg/d 
(b) 1.0 kg(ld/0.2218 kg) =[4Ad 


75. Heat will enter the freezer due to conductivity, at a rate given by 19- 16b. This is the heat that must 
be removed from the freezer to keep it at a constant temperature, and so is the value of Q L in the 

equation for the COP, Eq. 20-4a. The work in the COP is the work input by the cooling motor. The 
motor must remove the heat in 15% of the time that it takes for the heat to enter the freezer, so that it 
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only runs 15% of the time. To find the minimum power requirement, we assume the freezer is ideal 
in its operation. 


. cop -g L - QJl - 
t Ax ’ W 1F/(0.15?) T h -T l 


— » 


W/t = 


Qjt 


(0.15) 


T -T 

-*H L 


, A r 

\ kA— ( 
Ax 


v r , 


(0.15) 


T -T 

± H ± L 


V T l j 


57 W 


: 0.076 hp 


76. The radiant energy is the heat to be removed at the low temperature. It can be related to the work 
necessary through the efficiency. 

W 


e = l _ 7 L = J L = . 


T u <2h W + Q L 


-> w = q l 


f r r A 

^-1 

j 


-> W/t = Qjt 


f r r \ 

^-1 

j 


(W/t) 3300 = (3300 W) 


Ai-1 

J 


( fr AL = ( 5 °ow) 


T 

^-1 

y 


-(^A) 3 300 -(^AL = (3300 W- 500 W) 
100 w|(2 sig. fig.) 


(273 + 32) K 
(273 + 21) K 


= 104.8W 


77. We need to find the efficiency in terms of the given parameters, T H , T L , F , and F b . So we must find 

the net work done and the heat input to the system. The work done during an isothermal process is 
given by Eq. 19-8. The work done during an isovolumentric process is 0. We also use the first law 
of thermodynamics. 

ab (isothermal): AE int = 0 = Q ah -W ab -> g ab = K b = nRT li ln^ r >0 

ab K a 

be (isovolumetric) : A E mt = Q hc - 0 -+ Q hc = A E mt = n C v (T L -T H ) = f nR (T l -T h )< 0 

be be 

cd (isothermal): AE^ = 0 - Q ci - W ci -> g cd = ^ cd = ln£ = -nRT L ln^ < 0 

K b a 

da (isovolumetric) : A E m{ = g da - 0 -+ g da = A£ int = nC v ( T H - T h ) = f n/? ( T H - T h ) > 0 

da da 

W = W A + K* = nRT K hS- nRT L ln^ = nR {T h -T l ) ln^ 

a r a a 

a - 2ab + 0* - 1 ny + \nR{T u -T [ ) 


(r H -r L ) ln^A 

(f v H F 

Sterling — — T/ 


f 

1 

ET 

1 

V j 

, V. 3 (T-tA 

In— + — — L 

V 2 T 

L F J J 
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= £C 


V 

In — 

V 


V 3 
In— + — 

V 2 


(r 


V 



A 


Since the factor in [ ] above is less than 1 , we see that 


p < p 

^Sterling Carnot 


78. 


Since two of the processes are adiabatic, no heat transfer occurs 
in those processes. Thus the heat transfer must occur along the 
isobaric processes. 

Q H =Q bc =nC p (T-T b ) ; Q b - Q b!i = nC p (f-Tj 

. l Sl t nCrfc-T') 1 (T d -T) 

Q h nC p (T-T b ) (T-T b ) 


Use the ideal gas relationship, which says that PV = nRT. 

C di / py 


e-l 


&-T') 

(T-T b ) 


PV 

1 i r d 


= 1 - 


V 


nR nR 


PV 

c c 


PV 

W b 


nR nR 


= 1 - 


(JZtzIZl 

{PV-P b V b ) 


! p SK-K) 
P b (K~K) 


p 



Because process ab is adiabatic, we have PV/ = P b V b r 




V =K 


f P \ l/y 

fb 


Because process cd is 


adiabatic, we have P b Vj - PV/ —> V d =V c 


f P Y r 

r b 

yPj 


p 


e^_ PSK-K) =l _. 
P b (K-K) 


r ( P V /K 

V 

\PJ 


-V 


rpY 1 '/ 


yPj 


. Substitute these into the efficiency expression. 

(K-K) 


j _ 


Pb(K-K) 


= i — 


f P A 1/r 

r b 

yPj 


P b (K-K) 


f P b ) 

— 1 
Y 


f P b ) 

Y 


— 

1- 



UJ 


[P J 



79 


(a) 


(b) 


For the Carnot cycle, two of the processes are reversible 
adiabats, which are constant entropy processes. The other two 
processes are isotherms, at the low and high temperatures. See 
the adjacent diagram. 

The area underneath any path on the T-S diagram would be 
written as [ T dS . This integral is the heat involved in the 


process. 
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For a closed cycle such as the Carnot cycle shown, since there is no internal energy change, the 
first law of thermodynamics says that | T dS = Q n 


W 


the same as J PdV. 


80. 


First we find the equilibrium temperature from calorimetry (section 19-4), and then calculate the 
entropy change of the system. The heat lost by the warm water must be equal to the heat gained by 
the cold water. Since the amounts of mass are the same, the equilibrium temperature is just the 
average of the two starting temperatures, 25°C. 


AS = AS , +AS . 



r me dT r 

J J 


mcdT 


— me In 


^298K^ 

v 273K y 


+ me In 


^298K^ 

v 323K y 


= (4186J/kg.°C) 


In 


^298K A 
273 K 


f 

+ In 

V 


298 
323 K y 


13 j/kg 


81. 


To find the mass of water removed, find the energy that is removed from the low temperature 
reservoir from the work input and the Carnot efficiency. Then use the latent heat of vaporization to 
determine the mass of water from the energy required for the condensation. Note that the heat of 
vaporization used is that given in section 19-5 for evaporation at 20°C. 


_ 1 _ t l _ w _ w 

e ~ ~T h ~~q u ~w^q l 


-> Qc = w 


— - = mL 

( T »~T, ) ^ 


W 


m = 


(650 W) (3600s) (273 + 8) K 


k mr {T ti -T L ) (2.45X10 6 J/kg) (25-8) K 


= 15.79kg ~ 16kg 


82. (a) From the table below, we see that there are 10 macrostates, and a total of 27 microstates. 












Ni imhfir of 

Macrostate 

Microstates (r = red, o = 

orange, g 

= green) 

Microstates 

3 red, 0 orange, 0 green 

r 

r 

r 



1 

2 red, 1 orange, 0 green 

r 

r 

o 

r 

O 

r 

O 

r 

r 

3 

2 red, 0 orange, 1 green 

r 

r 

g 

r 

g 

r 

g 

r 

r 

3 

1 red, 2 orange, 0 green 

r 

o 

O 

o 

r 

o 

O 

o 

r 

3 

1 red, 0 orange, 2 green 

r 

g 

g 

g 

r 

g 

g 

g 

r 

3 

1 red, 1 orange, 1 green 

r 

O 

g 

r 

g 

O 

O 

r 

g 

6 


o 

g 

r 

g 

r 

O 

g 

o 

r 


0 red, 3 orange, 0 green 

o 

O 

o 



1 

0 red, 2 orange, 1 green 

g 

O 

o 

O 

g 

o 

O 

o 

g 

3 

0 red, 1 orange, 2 green 

O 

g 

g 

g 

O 

g 

g 

g 

O 

3 

0 red, 0 orange, 3 green 

g 

g 

g 



1 


(. b ) The probability of obtaining all 3 beans red is 

1/27 





(c) The probability of obtaining 2 greens and 1 orange is 

3/27 

or 

1/9 


83. To do the numeric integration, first a value of AT is chosen. The temperature range is then 
partitioned into a series of individual temperatures, starting with 4 K, and each subsequent 
temperature an amount AT larger than the previous. So if AT = 1 K, then the temperatures used are 4 
K, 5 K, 6 K, . . . 40 K. For each temperature above 4 K, an entropy change from the previous 
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temperature is calculated by dS ~ nC v AT . The total entropy change AS is then the sum of the 


individual dS terms. The process could be written as 




where T i+1 =T. + AT. 


For a 


value of AT - 1 K, a value of AS = 3.75 x 10 3 j/kg was calculated, which is 3.7% larger than the 
analytic answer. So a smaller AT was chosen. For a value of AT = 0.5 K, a value of 
AS = 3.68 xlO 3 j/kg was calculated, which is 1 .9% larger than the analytic answer. 


Here is the analytic calculation of the entropy change. 
AS 


f dQ | 

f nC v dT | 

? n\ 

(l800 J.moF’.Kr 1 ) 

{- T/TjdT 

\ 

1 7 

1 T ~ \ 
1 7 

\ T 


= (l. 00 mol) 


(lSOOJ.moF'.KT 1 ) 


J T 2 dT = 


(1800J.KT 1 ) i 
(2230K) 3 3 


(40K) 3 -(4K) 3 


3.61 xlO -3 J/kg 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_1SM_CH20.XLS,” on tab “Problem 20.83.” 
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Responses to Questions 

[T] Rub a glass rod with silk and use it to charge an electroscope. The electroscope will end up with a 
net positive charge. Bring the pocket comb close to the electroscope. If the electroscope leaves move 
farther apart, then the charge on the comb is positive, the same as the charge on the electroscope. If 
the leaves move together, then the charge on the comb is negative, opposite the charge on the 
electroscope. 

2. The shirt or blouse becomes charged as a result of being tossed about in the dryer and rubbing 
against the dryer sides and other clothes. When you put on the charged object (shirt), it causes 
charge separation within the molecules of your skin (see Figure 21-9), which results in attraction 
between the shirt and your skin. 

3. Fog or rain droplets tend to form around ions because water is a polar molecule, with a positive 
region and a negative region. The charge centers on the water molecule will be attracted to the ions 
(positive to negative). 

4. See also Figure 21-9 in the text. The negatively 
charged electrons in the paper are attracted to the 
positively charged rod and move towards it within 
their molecules. The attraction occurs because the 
negative charges in the paper are closer to the 
positive rod than are the positive charges in the 
paper, and therefore the attraction between the 
unlike charges is greater than the repulsion 
between the like charges. 

5. A plastic ruler that has been rubbed with a cloth is charged. When brought near small pieces of 
paper, it will cause separation of charge in the bits of paper, which will cause the paper to be 
attracted to the ruler. On a humid day, polar water molecules will be attracted to the ruler and to the 
separated charge on the bits of paper, neutralizing the charges and thus eliminating the attraction. 

6. The net charge on a conductor is the difference between the total positive charge and the total 
negative charge in the conductor. The “free charges” in a conductor are the electrons that can move 
about freely within the material because they are only loosely bound to their atoms. The “free 
electrons” are also referred to as “conduction electrons.” A conductor may have a zero net charge 
but still have substantial free charges. 

[ 7 ] Most of the electrons are strongly bound to nuclei in the metal ions. Only a few electrons per atom 
(usually one or two) are free to move about throughout the metal. These are called the “conduction 
electrons.” The rest are bound more tightly to the nucleus and are not free to move. Furthermore, in 
the cases shown in Figures 21-7 and 21-8, not all of the conduction electrons will move. In Figure 
21-7, electrons will move until the attractive force on the remaining conduction electrons due to the 
incoming charged rod is balanced by the repulsive force from electrons that have already gathered at 
the left end of the neutral rod. In Figure 21-8, conduction electrons will be repelled by the incoming 
rod and will leave the stationary rod through the ground connection until the repulsive force on the 
remaining conduction electrons due to the incoming charged rod is balanced by the attractive force 
from the net positive charge on the stationary rod. 
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8. The electroscope leaves are connected together at the top. The horizontal component of this tension 
force balances the electric force of repulsion. (Note: The vertical component of the tension force 
balances the weight of the leaves.) 

9. Coulomb’s law and Newton’s law are very similar in form. The electrostatic force can be either 
attractive or repulsive; the gravitational force can only be attractive. The electrostatic force constant 
is also much larger than the gravitational force constant. Both the electric charge and the 
gravitational mass are properties of the material. Charge can be positive or negative, but the 
gravitational mass only has one form. 

10. The gravitational force between everyday objects on the surface of the Earth is extremely small. 
(Recall the value of G: 6.67 x 10' 11 Nnr/kg 2 .) Consider two objects sitting on the floor near each 
other. They are attracted to each other, but the force of static fiction for each is much greater than the 
gravitational force each experiences from the other. Even in an absolutely frictionless environment, 
the acceleration resulting from the gravitational force would be so small that it would not be 
noticeable in a short time frame. We are aware of the gravitational force between objects if at least 
one of them is very massive, as in the case of the Earth and satellites or the Earth and you. 

The electric force between two objects is typically zero or close to zero because ordinary objects are 
typically neutral or close to neutral. We are aware of electric forces between objects when the 
objects are charged. An example is the electrostatic force (static cling) between pieces of clothing 
when you pull the clothes out of the dryer. 

11. Yes, the electric force is a conservative force. Energy is conserved when a particle moves under the 
influence of the electric force, and the work done by the electric force in moving an object between 
two points in space is independent of the path taken. 


12. Coulomb observed experimentally that the force between two charged objects is directly 

proportional to the charge on each one. For example, if the charge on either object is tripled, then the 
force is tripled. This is not in agreement with a force that is proportional to the sum of the charges 
instead of to the product of the charges. Also, a charged object is not attracted to or repelled from a 
neutral object, which would be the case if the numerator in Coulomb’s law were proportional to the 
sum of the charges. 


13. 


When a charged ruler attracts small pieces of paper, the charge on the ruler causes a separation of 
charge in the paper. For example, if the ruler is negatively charged, it will force the electrons in the 
paper to the edge of the paper farthest from the ruler, leaving the near edge positively charged. If the 
paper touches the ruler, electrons will be transferred from the ruler to the paper, neutralizing the 
positive charge. This action leaves the paper with a net negative charge, which will cause it to be 
repelled by the negatively charged ruler. 


14. The test charges used to measure electric fields are small in order to minimize their contribution to 
the field. Large test charges would substantially change the field being investigated. 


15. When determining an electric field, it is best, but not required, to use a positive test charge. A 
negative test charge would be fine for determining the magnitude of the field. But the direction of 
the electrostatic force on a negative test charge will be opposite to the direction of the electric field. 
The electrostatic force on a positive test charge will be in the same direction as the electric field. In 
order to avoid confusion, it is better to use a positive test charge. 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

2 





Chapter 21 


Electric Charges and Electric Field 


16. See Figure 21 -34b. A diagram of the electric field lines around two negative charges would be just 
like this diagram except that the arrows on the field lines would point towards the charges instead of 
away from them. The distance between the charges is /. 


17. The electric field will be strongest to the right of the positive charge (between the two charges) and 
weakest to the left of the positive charge. To the right of the positive charge, the contributions to the 
field from the two charges point in the same direction, and therefore add. To the left of the positive 
charge, the contributions to the field from the two charges point in opposite directions, and therefore 
subtract. Note that this is confirmed by the density of field lines in Figure 21 -34a. 

18. At point C, the positive test charge would experience zero net force. At points A and B, the direction 
of the force on the positive test charge would be the same as the direction of the field. This direction 
is indicated by the arrows on the field lines. The strongest field is at point A, followed (in order of 
decreasing field strength) by B and then C. 


19. 


Electric field lines can never cross because they give the direction of the electrostatic force on a 
positive test charge. If they were to cross, then the force on a test charge at a given location would be 
in more than one direction. This is not possible. 


20. The field lines must be directed radially toward or away from the point charge (see rule 1). The 
spacing of the lines indicates the strength of the field (see rule 2). Since the magnitude of the field 
due to the point charge depends only on the distance from the point charge, the lines must be 
distributed symmetrically. 


2 1 . The two charges are located along a line as shown in the 
diagram. 


Q 

-o 


2Q 

o 


(a) If the signs of the charges are opposite then the point on - 
the line where E = 0 will lie to the left of Q. In that region 
the electric fields from the two charges will point in 
opposite directions, and the point will be closer to the 
smaller charge. 

( b ) If the two charges have the same sign, then the point on the line where E = 0 will lie between 
the two charges, closer to the smaller charge. In this region, the electric fields from the two 
charges will point in opposite directions. 


22. The electric field at point P would point in the negative x-direction. The magnitude of the field 
would be the same as that calculated for a positive distribution of charge on the ring: 

E - 1 £* 

4 ^o (x 2 +a 2 f 2 


23. The velocity of the test charge will depend on its initial velocity. The field line gives the direction of 
the change in velocity, not the direction of the velocity. The acceleration of the test charge will be 
along the electric field line. 

24. The value measured will be slightly less than the electric field value at that point before the test 
charge was introduced. The test charge will repel charges on the surface of the conductor and these 
charges will move along the surface to increase their distances from the test charge. Since they will 
then be at greater distances from the point being tested, they will contribute a smaller amount to the 
field. 
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The motion of the electron in Example 21-16 is projectile motion. In the case of the gravitational 
force, the acceleration of the projectile is in the same direction as the field and has a value of g; in 
the case of an electron in an electric field, the direction of the acceleration of the electron and the 
field direction are opposite, and the value of the acceleration varies. 


26. Initially, the dipole will spin clockwise. It will “overshoot” the equilibrium position (parallel to the 
field lines), come momentarily to rest and then spin counterclockwise. The dipole will continue to 
oscillate back and forth if no damping forces are present. If there are damping forces, the amplitude 
will decrease with each oscillation until the dipole comes to rest aligned with the field. 


27. If an electric dipole is placed in a nonuniform electric field, the charges of the dipole will experience 
forces of different magnitudes whose directions also may not be exactly opposite. The addition of 
these forces will leave a net force on the dipole. 


Solutions to Problems 


[T] Use Coulomb’s law to calculate the magnitude of the force. 

00 r o ,/ , \ (l. 602 x 1(T 19 C) (26x1. 602 xl(T 19 C) 

F = = (8.988 xlO 9 N -m 2 / C 2 )- ^ L 

F (l.5xl(T 12 m) 


2.7x10 N 


2. Use the charge per electron to find the number of electrons. 

lelK,ron ' 2.37 x 10'*electrons 


(-38.0xl0" 6 c)f— p 


-1.602x10 C 


3. Use Coulomb’s law to calculate the magnitude of the force. 

on , ~ 2 / (25x10- 4 * 6 c)(2.5x10~ 3 c) 

F = = (8.988 x 10 9 N*m7c 2 U ^ — } - = 

r 1 ’ ’ (0.28 m) 2 


7200 N 


4. Use Coulomb’s law to calculate the magnitude of the force. 

OO / q , , 7l.602xl0- 19 c) 2 

F = = (8.988 x 10 9 N • m 2 /c 2 )- - 

F (4.0xl0 _15 m)' 


14N 


^^9.109 xl0 _31 kg^ 


5. The charge on the plastic comb is negative, so the comb has gained electrons 

(3.0 x 10~ 6 C)f l£ - 

A/72_ v \1.602x10 _19 C 

m 0.035 kg 


V 


le 


J 


— 4.9 x 10 = 


4.9 x 10 % 


6. Since the magnitude of the force is inversely proportional to the square of the separation distance, 

1 

F oc — , if the distance is multiplied by a factor of 1/8, the force will be multiplied by a factor of 64. 


F = 647y = 64(3.2 x1Q~ 2 n) = |2.0N 
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[ 7 ] Since the magnitude of the force is inversely proportional to the square of the separation distance, 
F cc — , if the force is tripled, the distance has been reduced by a factor of yf3 . 


8.45 cm 


r — 


V3 V3 


4.88 cm 


Use the charge per electron and the mass per electron. 

(-46xloW ‘ eli:Clr ° n , ' 

V /I w 1 A -19 


= 2.871 xlO 1 ' 


(2.871 x 10 14 e~) 


-1.602 x 10 C J 
9.109 x 10~ 31 kg^ 
1 e~ 


2.9 x 10 14 electrons 


2.6xl0~ 16 kg 


9. To find the number of electrons, convert the mass to moles, the moles to atoms, and then multiply by 
the number of electrons in an atom to find the total electrons. Then convert to charge. 

15kgAu = (15kg Au) 


r 1 mole A1 ' 

r 6.022 x 1 O' 3 atoms ^ 

' 79 electrons^ 

f-1.602 xlO _19 C^ 

l 0.197kg J 

v 1 mole j 

v 1 molecule y 

v electron y 


-5.8 x 10 S C 


of the bar is 

OC 


The net charge of the bar is 0C , since there are equal numbers of protons and electrons. 


10. Take the ratio of the electric force divided by the gravitational force. 

Oft 

(8.988 xlO 9 N-m 2 /c 2 )(l.602xl0~ 19 C) 


F K 2 
1 e _ r 


F 


kQ t Q 2 


G G 


m ] m 2 Gm l m 1 (6.67x 10 11 N -nf/kg 2 )(9.1 1x10 31 kg)(l. 67x10 27 kg) 


2.3 xlO 3 ' 


The electric force is about 2.3 xlO 39 times stronger than the gravitational force for the given scenario. 


11. (a) Let one of the charges be q , and then the other charge is Q T - q. The force between the 

d{Qj~d) _ k 


charges is F E =k- 


= —(qQ t ~q 2 y To find the maximum and minimum force, set the 


r r 

first derivative equal to 0. Use the second derivative test as well. 

k / ,\ dF„ k 

in - 7«i = n 


F E =~(qQ T -q 2 ) ; — ^ = — {Q T ~2q) = 0 -> q=\Q T 
r dq r 

dq~ 


2k 


= — T <0 7 = 10, g' ves OJ, r 


So 


q l = q, = 4 Q r gives the maximum force. 


(. b ) If one of the charges has all of the charge, and the other has no charge, then the force between 


them will be 0, which is the minimum possible force. So q x - 0, q 2 = Q T gives the minimum 
force. 
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12. Let the right be the positive direction on the line of charges. Use the fact that like charges repel and 
unlike charges attract to determine the direction of the forces. In the following expressions, 

k = 8.988 xlO 9 N-m 2 /c 2 . 

_ (75^0(48^) j + l (VVUMU j . _i 47 .2Ni 


(0.35m)’ 


(0.70m)- 


-150N i 


(7^)(48^) j + t ( 4 8^)(85^) Us63 , S N |;; 


(0.35m)- 


(0.35 m)- 


560 Ni 


t (85^)(75^) j _ t (8 5 ^)(48^) U -4 16 .3Ni 


(0.70m)- 


(0.35m)- 


-420 Ni 


13.| The forces on each charge lie along a line connecting the charges. Let the 
variable d represent the length of a side of the triangle. Since the triangle 
is equilateral, each angle is 60°. First calculate the magnitude of each 
individual force. 

\Q O I , „ ,,(7.0xl0- 6 C)(8.0xl0^C) 

F„ =k'^^ = (8.988 xl0 9 N-m 2 / c P 

12 d 2 1 ' ’ (1.20m) 2 

= 0.3495 N 



F n = 


Inn I , 0 (7.0xio^c)(6.0xio- 6 c) 

k^MA = (g.988 x 10 9 N • m'/C")- - 

F- 1 ' ’ (1.20m) 2 


d 

= 0.2622 N 

to I 




dr 


. . , (8.0xl0^C)(6.0xl0^C) 

(8.988 xlO 9 N-m / C 2 )- — - ^ = 0. 

1 ’ (1.20m) 2 


= 0.2996 N = F„ 


Now calculate the net force on each charge and the direction of that net force, using components. 

F lx -F l2x + F l3x = - (0.3495 N) cos 60° +(0.2622 N) cos 60° = -4.365 x 10~ 2 N 
F u ,=F l2y + F l3y =- (0.3495 N) sin 60° - (0.2622 N) sin 60°= -5.297 xlQ-'N 


1 


,F. -5.297 xlO N i 


JK+K = 

0.53N 

0. = tan -1 17 = tan -1 , = 

F. -4.365 x 10- N 

265° 


F 2 x = F 2 i x + F 23x = (0.3495 N) cos 60° -(0.2996N) = -1.249 xlO'N 
F 2 y =F 2lv+ F 23y = (0.3495 N) sin 60° + 0 = 3.027 x KT'N 

f 2 = Jf;_+f;..=\ 


2x 2 y 


0.33N 


„ t _ t F 3.027 xlO’N 

O, = tan — - = tan — 


F 


-1.249x10 N 


112° 


F 3x = F ilx + F 32x = -(0.2622 N) cos 60° + (0.2996 N) = 1.685 x 10"‘N 
F ir =F 3lv +F i2y = (0.2622N)sin60°+0 = 2.271 xlO’N 


F = *IK+K = 


0.26 N 


„ * . , 2.271 xl0-‘N 

a, - tan — - = tan 

F 1.685 xl0"‘N 


53° 
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14. (a) If the force is repulsive, both charges must be positive since the total charge is positive. Call the 
total charge Q. 

kOn kQ. (Q-Q.) , Fd 2 

q,+q 2 =q e?-ea+—=o 

ci d k 


Q± 


fi,=- 


2 Fd 2 2 Fd 2 

Q 2 -4— Q±,Q 2 - 4 — 


_ J_ 

2 


(90.0 x lO^C) ± 1(90.0 xl0~ 6 c) 2 -4 ( 12 QN )( 1 - 16m ) 

1 ’ f ’ (8.988 x 10 9 N • m 2 / 1 


C2 ) 


60.1 x 1(T 6 C , 29.9 x 1(T 6 C 


(. b ) If the force is attractive, then the charges are of opposite sign. The value used for F must then 
be negative. Other than that, the solution method is the same as for part (a). 

kOn kQ, (Q-Q, ) , Fd 2 

Q,+Q 2 =Q F = -^-= ^ -> Qt-QQ i+ — = 0 

d d k 


Q± 


Q, 


Q 2 - 4^ Q± 
k 


Q 2 - 4^ 
k 


(90.0 x 10~ 6 C) ± 1(90.0 xlO“ 6 C) 2 -4 ( 12.0N)(l.l6m) 


(8.988 xl0 9 N-m7c 2 ) 


106.8x10 C, -16.8x10 C 


15. Determine the force on the upper right charge, and then use the 

symmetry of the configuration to determine the force on the other three 
charges. The force at the upper right comer of the square is the vector 
sum of the forces due to the other three charges. Let the variable d 
represent the 0.100 m length of a side of the square, and let the variable 
Q represent the 4.15 mC charge at each comer. 

Q 2 Q 2 

-> F^=k*-,Fn y = 0 
d d~ 


F = k ° 1 
42 Id 2 


-> F 42x=^^7 COS45 ° = ^^? 


2d 1 


4 d 2 


' F„ =k^ 2Ql 


42 v 


4 d 2 



F «= k ~ -> ^4,v=0> F 43 y =k ~ 


Add the x and y components together to find the total force, noting that F 4x = F 4 . 


F =F +F +F =k— + k 

1 4x 1 41x ' 1 42x ~ 1 43x ,2 ' . ,2 

d 4d 


Q 2 V2 Qr Q 2 


d l 


S' 


1 + 

V 4 ; 


= F, 


4 V 


Q 


a 


7^ 

S- 

= 4 | 

(s+~) 

4 2 


d 2 1 

l 2 J 
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, 9 2/ ^(4.15x10 3 c) f r 

(8.988 x 10 9 N • m 7 C 2 )- V2 

1 ' ’ (0.100m) 2 l 


A 

+ — 

2 ) 


2.96x10 N 


0 = tan 1 — = 
F, 


45° 


above the x-direction. 


For each charge, the net force will be the magnitude determined above, and will lie along the line 
from the center of the square out towards the charge. 


16. Determine the force on the upper right charge, and then use the symmetry of the configuration to 
determine the force on the other charges. 

The force at the upper right comer of the square is the vector sum of the 
forces due to the other three charges. Let the variable d represent the 
0.100 m length of a side of the square, and let the variable Q represent 
the 4.15 mC charge at each comer. 

Q 2 Q 2 

F <u=~k^,F 4ly =0 

d d 


f = k Q - 

42 2 d 2 


-» F — k Q—y cos45° = k ^ 

42X rs ]2 a 1 2 


2d 1 


Ad 1 


2 , v/2 Q 2 

F„ =k * 



’ 42 _y 


Ad 2 


F ,,=k— -> F 44x = 0 , F 43y = -k — 


Add the x and y components together to find the total force, noting that F 4 = F 4 


4 y ' 


Q 2 V2 Q 2 Q 2 

F - F +F„ +A, =-k±- + k-^ + 0 = k±- 

4.v 4U' 42 x 43x , 2 A ,2 j 2 

d Ad d 


r 


- 1 - 


4~2 


V 


0 2 


= -0.64645£-=— = F. 


J 


d z 


4 y 


F 4 =p: x +F 4 2 y =k^{0.6A6A5)j2 = k^{0.9\A2) 


, (4.15 x 10~ 3 cf 


) (0.9142) = | 

1.42 x 10 7 N 


6 — tan 


-1 4 y 


225° 


from the x-direction, or exactly towards the center of the square. 


For each charge, there are two forces that point towards the adjacent comers, and one force that 
points away from the center of the square. Thus for each charge, the net force will be the magnitude 


of 


1.42x10 N 


and will lie along the line from the charge inwards towards the center of the square. 


17. The spheres can be treated as point charges since they are spherical, and so Coulomb’s law may be 
used to relate the amount of charge to the force of attraction. Each sphere will have a magnitude Q 
of charge, since that amount was removed from one sphere and added to the other, being initially 
uncharged. 


j, , Q& , 2' n F 1 

F = k— r = k— -> Q — r. — — (0.12 m)^ 

r r~ V k 


1.7x10 N 


.988x10" N- m 2 /C 2 


r 


= 1.650 xlO~ 7 C 


A 


1 electron 
1.602x10 19 Cj 


1.0 xlO 12 electrons 
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18. The negative charges will repel each other, and so the third charge n n 

must put an opposite force on each of the original charges. ^ ~^Qo 

Consideration of the various possible configurations leads to the “O “ O ( 

conclusion that the third charge must be positive and must be between ^ ^ ^ c 

the other two charges. See the diagram for the definition of variables. f 

For each negative charge, equate the magnitudes of the two forces on the charge. Also note that 
0 <x<L 


left: kQQ- = k^- 


4<2o<2 ,4g 0 2 


^ = k^Q- right: k 

2 n 2 / r. \ 1 n 2 


(<-*r 


4g„g 
x 2 (£-x ) 2 


k^=k^- e= 4 e o ^=e o7 ^=f 0o 


Thus the charge should be of magnitude f Q 0 , and a distance j f from - Q 0 towards - 4 Q 0 


J (a) The charge will experience a force that is always pointing 

towards the origin. In the diagram, there is a greater force of 

Qq Qq 

7 to the left, and a lesser force of 7 to 

47TS 0 (d - xY 4;T<5 , 0 (l/ + xf 


d + x — — 1^ ^ d — x 


the right. So the net force is towards the origin. The same would be true if the mass were to the 
left of the origin. Calculate the net force. 

r-t Qq Qq Qq ^ 

4 7Z£^(d+xY 4 n£ 0 (d-x) 4x£ Q (d + x\ (d - x)~ 4 

-4 Qqd -Qqd 

— x — X 

4 n£ 0 ( d + x) ( d - x) 7T£ 0 ( d + x)~ ( d - x)~ 

We assume that x d. 

F -Qqd -Qq 

7T£ 0 (d + x) 2 ((/ - x) 2 7T£ 0 d 3 

Qq 

This has the form of a simple harmonic oscillator, where the “spring constant” is & elastic = 7. 


The spring constant can be used to find the period. See Eq. 14-7b. 


T = 2rt 



m „ mns,,d 
— — = In, — 

Qq v Qq 


( b ) Sodium has an atomic mass of 23. 

0 _ \mne 0 d 3 0 _ 1(29) (l.66 x l(T 27 kg)/r(8.85 x 1(T 12 C 2 /N-m 2 )(3 x l(T 10 m) 3 
T . I 2 7T - 

v Qq ]j (1.60 x kt 19 c) 

= 2.4 x 10~ 13 sf^— 1 = 0.24 ps « 0.2ps 
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20. If all of the angles to the vertical (in both cases) are assumed to 
be small, then the spheres only have horizontal displacement, 
and so the electric force of repulsion is always horizontal. 

Likewise, the small angle condition leads to tan# » sin# * 9 
for all small angles. See the tree-body diagram for each sphere, 
showing the three forces of gravity, tension, and the 
electrostatic force. Take to the right to be the positive 
horizontal direction, and up to be the positive vertical direction. Since the spheres are in equilibrium, 
the net force in each direction is zero. 




0 ) I J F u=F J1 sm0 l -F Ei =O 


F E1 F Tl ^1 


IX = F t. cos#, -m x g -* F n = 




F n = 


m lg 


sin 9 X = m x g tan 9 X = m x gd x 


cos 0 X cos 9 X 

A completely parallel analysis would give F E2 = m 2 g9 1 . Since the electric forces are a 
Newton’s third law pair, they can be set equal to each other in magnitude. 

F El = F E2 -» n \g°x = m 2§ d 2 -> °xl e i= m 2 / m x = H 

( b ) The same analysis can be done for this case. 

F m - F e 2 n \g°x - m ig ° 2 d xl e 2 = m x / m x = E 

(c) The horizontal distance from one sphere to the other is 
s by the small angle approximation. See the diagram. Use the 
relationship derived above that F E - mg6 to solve for the distance. 


Case 1: # = £(#,+#,) = 2£#, 


1 21 


kQ{2Q) d 
m x gO x = F m = — — = mg 


21 


-> 




Case 2: d -i (#,+#,) = — lO x 


0x=~ 

3f 


Q p kQ(2Q) 2d 

m x gd x = F ex = — = mg — 

d 3t 


-> 


./ _ 

( 3tkQ 2 ^ 

1/3 

Cl 

l mg J 



21. Use Eq. 21-3 to calculate the force. Take east to be the positive x direction. 

- F 

E = — -> 

q 


F = = (-1.602 x 10~ 19 C)(1920N/Ci) = -3.08 x 10 _16 Ni = 


3.08 xl0" lo N west 


22. Use Eq. 21-3 to calculate the electric field. Take north to be the positive y direction. 


E = - = 2-18x10 o Nj = -1.36 x 10 5 N/C j = 1 .36 x 10 5 N/C south 
q 1.602 x 10 C 


23. Use Eq. 21-4a to calculate the electric field due to a point charge. 


E - - (8.988 X 10 9 N • m 2 /c 2 ) 


33.0x10 C 
(0.164 m) 2 


1.10x 10 7 N/C up 


Note that the electric field points away from the positive charge. 
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24. Use Eq. 21-3 to calculate the electric field. 

F 8.4 N down r 5 , 

E=- = — = 9.5x10 N/C up 


.8xl0^C 


|25.| Use the definition of the electric field, Eq. 21-3. 


_ F (7.22 x lO^N j) 
~ q~ 4.20 x lO^C 


172 N/C j 


26. Use the definition of the electric field, Eq. 21-3. 
F (3.0i-3.9j)xl0~ 3 N 


q 


1.25 x IOC 


(2400 i- 3100 j) N/C 


27. Assuming the electric force is the only force on the electron, then Newton’s second law may be used 
to find the acceleration. 

- - \q\ (1-602 X 10 19 c) .. r 

F_=rai = ? E -> a = '^E = ) C 576N/C) - 1.01x10 m/s 

m 19.109x10 kg I 


Since the charge is negative, the direction of the acceleration is opposite to the field 


-e- 


28. The electric field due to the negative charge will point q > q 

toward the negative charge, and the electric field due to the 
positive charge will point away from the positive charge. 

Thus both fields point in the same direction, towards the "" £/ 2 

negative charge, and so can be added. 

E = \E\ + \E,\ = k^ + k^- = k-^- I + k =^(|a| + |g 2 |) 

1 11 ' 21 r 2 2 (f/2) 2 (£/2) 11 1 2U 


E, 


4(8.988xl0 9 N-nWc-)/ , — — 

— — -(8.0x10 C + 5.8 x 10 C) = 7.8 x 10 7 N/C 

(0.080m) 2 1 ; — 


The direction is towards the negative charge 


E, 


02 <0 
-©- 


29. 



30. 


Assuming the electric force is the only force on the electron, then Newton’s second law may be used 
to find the electric field strength. 


F , = ma - qE 

net 1 


ma 1 

(1.673x10 : 

! ’kg) 

(l.8 x 10 6 ) 

(9. 80 m/s 2 ) 

q 1 

( 1 .602 x 10 19 c) 



0.1 8 N/C 
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|31.| The field at the point in question is the vector sum of the two fields shown in Figure 21-56. Use the 

results of Example 21-11 to find the field of the long line of charge. 

IT- 1 \Q\, - . -X 

J ; E e =— y(-cos^i-sm0j) 




E = 


2^0 y 

,J_M 

4 rrs 0 d 2 


Arcs,, d 
^ f 


-» 


cost? 


1 + 




1 * 1 


y2rcs 0 y 4rrs 0 d 


d 2 = (0.070m) 2 + (0.120m) 2 = 0.0193m 2 ;y = 0.070m; 6> = tan " 12 - 0cm = 597 o 


7.0 cm 


E = — 


L cos 


_!_B 

4;re 0 J 2 


IT 1 |0| . 


0 = -(8.988 x 10 9 N • m 2 / C 2 ) ^ 2 ’° C ^ cos 59.7° = -4.699 x 10" N/C 
v ’ 0.0193 m 2 


E r = 

27is 0 y 4 ns 0 d' 


sin 6 = 


Arcs, 


o V 


y d 2 


(8.988 xl0 9 N-m 2 /c 2 ) 


2(2.5C/m) (2.0 C) . 

— sin59.7 

0.070cm 0.0193m" 


= -1.622x10“ N/C 


E = 

E = 


(-4.7 x 10" N/C) i + (-1.6 x 10“ N/C) j 


0, - tan 

E 


J E ; +E; = ^(-4.699 x 10" N/C) 2 +(-1.622 x 10" N/c)' = 5.0x10“ N/C 
1 (-1.622 x 10" N/C) 


(-4.699 x 10" N/C) 


199° 


32. The field due to the negative charge will point towards q 

the negative charge, and the field due to the positive charge — 0- 
will point towards the negative charge. Thus the s 

magnitudes of the two fields can be added together to find 
the charges. 


E,- 


1/2 


E 


-Q 

-e- 


^= 2 E,= 2 ^ = M _> Q = *l = (586 N/C) (0.160 m) ^ _ , 2 q 9 x iq~ 1u C 


(m y t 


8 k 8(8.988 xl0 9 N-m 2 /c 2 ) 


33. The field at the upper right comer of the square is the vector sum of 
the fields due to the other three charges. Let the variable / represent 
the 1.0 m length of a side of the square, and let the variable Q represei 
the charge at each of the three occupied comers. 

E=k 4 -> E. ,E. =0 

1 £ 2 lx £2 ’ l.V 



E 2 =k-Qy -> E 2 = k-^cosA5° = £— , E =k^~ 

2 2f 2 21 2 t At 2y At 

E=k% -> E, =0 ,E, =k% 

3 £2 3x ’ lv £2 

Add the x and y components together to find the total electric field, noting that E = E 
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Q V2 O O 

E =E. +E, +E, =k^ + k-^-f + 0 = k^- 

x lx 2x 3x £ 2 4^ f 2 


f 


1 + 


44 


V 


= E 


E 2 +E 2 =k — 

r, vr 


v x y j/ 2 

l 4 7 

tV 2 ) 


(8.988 x 10 9 N • m 2 /C‘) 


( 2 25xirc ) r^,i 

(1.22 m) 2 l 2) 


2.60 x 10 4 N/C 


. E , 

6 = tan — = 1 45.0° | from the x-direction. 
E 


34. The field at the center due to the two -27.0//C negative charges 
on opposite comers (lower right and upper left in the diagram) 
will cancel each other, and so only the other two charges need to 
be considered. The field due to each of the other charges will 
point directly toward the charge. Accordingly, the two fields are 
in opposite directions and can be combined algebraically. 

E = E, -E=k^j--k^}- = k ^~^ 


(8.988 xl0 9 N-m 2 /c 2 ) 


f/2 f/2 f/2 

(38.6- 27.0) xlO^C 


(0.525 m) 2 /2 


7.57 x 10 6 N/C, towards the - 38.6//C charge 



35. Choose the rightward direction to be positive. Then the field due to +Q will be positive, and the 
field due to -Q will be negative. 


1 


1 


E-k — Q-^-k — *4_ = kQ 

(x + a)~ (x-a)" ((jc + a)" (x-a) 



-4kQxa 


(2 2\ 2 

) 

lx -a 1 


The negative sign means the field points to the | left 


36. For the net field to be zero at point P, the magnitudes of the fields created by Q ] and Q 2 must be 
equal. Also, the distance x will be taken as positive to the left of Q 1 . That is the only region where 
the total field due to the two charges can be zero. Let the variable £ represent the 12 cm distance, 
and note that \Q l \ = \Q 2 . 


IEjUIeJ -> k^r = k & 


(x+ty 




= £ 


M 


- (12cm) 


yj25juC 


(sIQ 2 -M\) (V45^c-V25^c) 


35 cm 
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\ Make use of Example 21-11. From that, we see that the electric field due to the line charge along the 


y axis is E, 


2 7ts 0 X 


— i. In particular, the field due to that line of charge has no y dependence. In a 


similar fashion, the electric field due to the line charge along the x axis is E, = j. Then the 


2ns. y 


total field at (x, y) is the vector sum of the two fields. 

- - - 1 As 1 As A ( 1 s 1 , 

E — Ej + E, — i H j — — i H — j 

2 7tt£ 0 x 2 tts 0 y 2 KS a ^ x y 


A 1 1 


2.2 n y - 1 t , -i 2/T£ 0 y _i x 


2 ns„ y 2 Ttsxxy 


x + y ; 9 — tan — = tan 


= tan — 


2 7T£ Q X 


38. (a) The field due to the charge at A will point straight downward, and 
the field due to the charge at B will point along the line from A to 
the origin, 30° below the negative x axis. 

E,-k— — > E, =0 ,E, =-k — 

A £2 At ” ’ At £2 

E =k^f — > E = -k^~ cos 30° =-k ^7 , 

B £2 Bt £2 2 £2 

E = -k sin 30° = -k 
Bv t 2f 





E =E, +E n =-k^=- 

y A y By 2^2 


e = Je 2 + e 2 =. 


[3. k 2 Q 2 | 9 k 2 (f I 12 k 2 Q 2 V 3 kQ 

' 4t + 4 1 4 t t 


Jf ~K 2 ■y 

9 - tan -1 — = tan~‘ — - tan -1 — 7 = = tan -1 V3 = 240° 

E x _,V3 Q — s/3 

k 2 t 

(b) Now reverse the direction of E A 

E,—k — -> E. =0,A = -&— 

A £2 At ’ At £2 

E =k^~ -> is a = k-^-cos30° = ,E =k-^-sin30° =k-^— 

B £2 Rt £2 2 £2 Bv £ 2 2 £2 


£t=£at+ £ B.t=^- 


E = E. +E n = -k-^~ 

y Ay By 2^2 


*- EE 

V - y \ 4 t At V 4f 4 f 2 
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0 - tan 1 — = tan 1 
E 


2 f- 


-k 


V3 Q 

2f 


= tan 


s 


330° 


39. Near the plate, the lines should come from it almost vertically, 
because it is almost like an infinite line of charge when the 
observation point is close. When the observation point is far 
away, it will look like a point charge. 


40. Consider Example 21-9. We use the result from this example, but 
shift the center of the ring to be at x = \ i for the ring on the right, 

and at x = —\l for the ring on the left. The fact that the original 

expression has a factor of x results in the interpretation that the sign 
of the field expression will give the direction of the field. No special 
consideration needs to be given to the location of the point at which 
the field is to be calculated. 


E - E . . . + E. „ 

right left 


gE-jj) 


4 K£ n 


-1 + 


g(* + H) 


:\Q-< 

4 7t£ n 


(x-Hf + R 2 

E-E) 


(x-Hf+R 1 


4 K£ n 


- + - 


(x + ^y + R 2 
(x + H) 


(x + Hf+R 2 



y 



■x 


41. Both charges must be of the same sign so that the electric fields created by the two charges oppose 
each other, and so can add to zero. The magnitudes of the two electric fields must be equal. 


E t -E , — » k 


2, 


• = k - 


Qi 


(f/3) (2£/3)‘ 


-> 9 a 


9 e 2 


-> 


Ql 

Q, 


42. In each case, find the vector sum of the field caused by the charge on the left ( E lcll j and the field 
caused by the charge on the right (E right j 


Point A: From the symmetry of the geometry, in 
calculating the electric field at point A only the vertical 
components of the fields need to be considered. The 
horizontal components will cancel each other. 

6 - tan 1 = 26.6° 

10.0 



d = -^(5. 0cm )' +(l0.0cm)~ = 0.1118m 
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E a = 2^sin6> = 2(8.988xl0 9 N-m 2 /C 2 ) 5 - 7xlQ C 
A d 2 1 ' ; (0.1118m) 2 

Point B: Now the point is not symmetrically placed, and 
so horizontal and vertical components of each individual 
field need to be calculated to find the resultant electric 
field. 


sin 26.6° = 


3.7 x 10 6 N/C 




, 5.0 

9. „ = tan — = 45° 
5.0 


, 5.0 

6 , = tan = 18.4° 

ngh ' 15.0 


= J(5.0cm)' +(5.0cm) = 0.0707 m 



<7 nght =y(5.0cm)“ + (15. 0cm)- = 0.1581m 
E x = (E left ) v +(E ngh ,) v = k cos 0 ]ctl - k -Q — cos 9 t 


72 

^ left ® right 


right 


= (8.988 x 10 9 N • m 2 /C 2 )(5.7 xlO^C) 
E y = (E,e ft )„ + (E ri J = k-Q- Sin6» left + k 


cos45° 


cos 18.4° 


(0.0707m)’ (0.1581m)- 


= 5.30 xlO 6 N/C 


7 Z icn j 

^left ^ right 


„ sin 9 . , 

2 right 


= (8.988 x 10 9 N • m 2 /c 2 )(5.7 x 10^c) 


sin45° 


sin 18.4° 


(0.0707m)- (0.1581m)- 


= 7.89 x 10 6 N/C 


4 


E=JE- +E = 


9.5 x 10 6 N/C 


9 b - tan 


-1 y 


56° 


The results are consistent with Figure 21 -34b. In the figure, the field at Point A points straight up, 
matching the calculations. The field at Point B should be to the right and vertical, matching the 
calculations. Finally, the field lines are closer together at Point B than at Point A, indicating that the 
field is stronger there, matching the calculations. 


|43.| (a) See the diagram. From the symmetry of the charges, we see that 
the net electric field points along they axis. 

0 


E = 2 


4ns 0 (l 2 +y 2 ) 


sin^j 



Qy 

- 

2ns 0 \ 

(f + y) 

3/2 J 

1 


( h ) To find the position where the magnitude is a maximum, set the 
first derivative with respect to y equal to 0, and solve for the y 
value. 

Qy 


E = 


2 JCE 0 [l 2 +y 2 ) 
dE Q 


dy 27T£ 0 (f 2 +y 2 ) 

l 


-H) 


Qy 


2x£ 0 (f +y 2 ) 


( 2 y )-0 ->• 




(e+y 2 Y ( f - + y 2 ) 


-> y 2 =^t 2 -> y= ±i/yf2 


y 
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This has to be a maximum, because the magnitude is positive, the field is 0 midway between the 
charges, and E — » 0 as y —> oo. 


1 Ox 

44. From Example 21-9, the electric field along the x-axis is E . To find the position 

4ks o (x 2 + a 2 ) : 

where the magnitude is a maximum, we differentiate and set the first derivative equal to zero. 
dE Q (x 2 +a 2 )- -x\(x 2 +a 2 y2x Q f 2 ^ 2l 

* ( 7^7 =^0 [(x ] ] 

= — -\a 2 -2x 2 ~\=0 — >• x M -±—j= 

Note that E - 0 at x - 0 and x - oo , and that |/;j >0 for 0 < |x| < oo . Thus the value of the magnitude 
of E at x = x M must be a maximum. We could also show that the value is a maximum by using the 
second derivative test. 


45. Because the distance from the wire is much smaller than the length of the wire, we can approximate 
the electric field by the field of an infinite wire, which is derived in Example 21-11. 

f 4,75 x KT 6 C ^j 

1 A 1 21 f nn , A ,N.m ! l l 2.0m J |l.8xl0 6 N/C, 

E = = = 8.988 x 10 9 —\-j = 

2ns H x 4ns 0 x y C ) ( 2.4 x 10 'ml away from the wire 


46. This is essentially Example 21-11 again, but with different limits of V 

integration. From the diagram here, we see that the maximum |1 

t/2 1 i 

angle is given by sin 9 = , We evaluate the results at dy 


that angle. 


e/2 


4ns 0 x 


(sin6») 


Jx 2 


+m 2 


£/2 

77m 


Al 

4 ns 0 xJx 2 +(£/2 )" 


47. If we consider just one wire, then from the answer to problem 46, we 
would have the following. Note that the distance from the wire to the 

point in question is x = -Jz 2 +(£/2 )”. 

A 


E = 


2 ^o Jz 2 + 


(f/2 ) 2 (4[z 2 + (f/2) 2 ] + f 2 )‘ 


A 

£ 

2 ^o x(4x 2 + f 2 ) 12 

e\&\ a 

X. 

^rightX 1 / 

wire 

wire 


t 1 N 

/ \fi 

\ . 


But the total field is not simply four times the above expression, 
because the fields due to the four wires are not parallel to each other. • - 
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Consider a side view of the problem. The two dots represent two parallel wires, on opposite sides of 
the square. Note that only the vertical component of the field due to each wire will actually 
contribute to the total field. The horizontal components will cancel. 


E =4 (E )cos6> = 4 (E ) 

wire \ wire / \ wire / 


+ (t/2f 


E =4 


A 

2 ns,. 


^z 2 + (f/2) 2 (4 [z 2 + (f/2) 2 ] + f 1 )‘ 




8 Aiz 


ns, 


(4z 2 + f 2 )(4z 2 +2f 2 ) 


The direction is [vertical] , perpendicular to the loop. 


48. From the diagram, we see that the x components of the two fields will cancel each other at the point 
P. Thus the net electric field will be in the negative 
v-direction, and will be twice the y-componcnt of 
either electric field vector. 

kQ 


E = 2EsmO - 2- 

net 2 


-sint? 


2 kQ 


x + a~ 
a 


2 , 2 / , ,\l/2 

x + a ( x “ + a j 


2 kQa 

in fnp tipncitivp n ah 

(x 2 + a 2 j 

111 II1C IlCgdllVC y UliCLllUIl 

1 



|49.| Select a differential element of the arc which makes an 
angle of 9 with the x axis. The length of this element 
is Rd9, and the charge on that element is dq = ARd6. 
The magnitude of the field produced by that element is 

dE - — - — ^ . From the diagram, considering 

4ns 0 R 

pieces of the arc that are symmetric with respect to the x 
axis, we see that the total field will only have an x 
component. The vertical components of the field due to 
symmetric portions of the arc will cancel each other. 

So we have the following. 

1 ARd9 


dE, 


4ns „ R 


-cos 6 



= 1 


-cost? 


-ft 4 ^0 


ARdQ 

R 2 


A 


X 

cos Odd [sint?. -sin(-t? n )l = 

j Attc- J? L 0 v " /J 


4 ns 0 R 


4 ns 0 R 


2 A sin 9 0 
4 ns 0 R 


The field points in the negative x direction, so E - 


2 A sin 9 0 
4 ns u R 
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50. ( a ) Select a differential element of the arc which makes an 
angle of 9 with the x axis. The length of this element 
is Rd9, and the charge on that element is dq = A Rd 0. 
The magnitude of the field produced by that element is 
1 ARd9 ^ 

dE = . From the diagram, considering 

4ns 0 R~ 


x axis, we see that the total field will only have a y 
component, because the magnitudes of the fields due 
to those two pieces are the same. From the diagram 
we see that the field will point down. The horizontal components of the field cancel. 



dE 


1 ARdO 
4ns„ R 2 


sin 9 = 


A n 


4 ns 0 R 


-sin' 9d9 


[ — — — sin 2 9d9 = — — — [ sin 2 9d9 = -^^(i0-{sin20) 

•I Aire t) Attc pj Arrc J? y 7 


A, 


A n 


-W2 4n£ oR 


A„ 


4ns 0 R 


(2*) = 


A„ 


8 s 0 R 


4 ns 0 R 


E = 


4 ns 0 R 


nil 

nil 


A n 


8 s 0 R 


(b) The force on the electron is given by Eq. 21-3. The acceleration is found from the force. 
F = ma = gE = --^-j 


a - - 


qA 0 


8ms 0 R 


J = 


8 s 0 R 


&ms 0 R 


J = 


1 

(l .60 x 1(T 19 C) 

(l.O x 10~ 6 C/m 

) 

8! 

(9.1 1 x 10 31 kg) 

(8.85 x 1(T 12 C 2 /N-m 2 ) 

(0.010m) 


2.5 x 10 17 m/ s 2 j 


51. (a) If we follow the first steps of Example 21-11, and refer to Figure 2 1 -29, then the differential 

1 Ady 


electric field due to the segment of wire is still dE - , , , . . 

4ns 0 (x' + y" ) 

symmetry, and so we calculate both components of the field. 

1 Adv „ 1 Axdy 


But now there is no 


dE = dE cos 9 = 


dE = -dE sin 9 - - 


4ns 0 (x 2 + y 2 ) 
A dy 


Adv . 1 

cos 9- 

4ns,, 


(x 2 + v 2 y 


4 ns 0 (x 2 + y 2 ) 


sin 9 - - - 


Ay dy 


4 ns, 


(x 2 +T 2 ) 3 


The anti-derivatives needed are in Appendix B4. 


E = 


1 


Axdy 


Ax 


o A,ne o 


1 - 


dy 


Ax 


(x 2 + y 2 ) 4ns 0 0 ^ x 2 + v 2 ^ 


4 ns„ 


y 


x 2 y[x~ + y~ 


do 


Ai 


4 ns 0 x 


six 2 + £ 2 
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E =■ 


f 1 

Aydy 

-- ^ f 

ydy 

A 

6 

\ 

-1 

* Ajtf 
0 

/ 2 2\ 3/2 

(x + y ) 

4ns 0 { 

^,0 

+ 

1 

4ns 0 


/ 2 . 2 
J* +y J 


A 


4 7T£ n 


Vx 2 + f 


■J 


4 7TS 0 X 


- r (x - y/x 2 + t ) 

v/x 2 + £ 2 1 ' 


Note that £ < 0, and so the electric field points to the right and down. 

(. b ) The angle that the electric field makes with the x axis is given as follows. 

A 


E 


7 (x~\lx 2 +t\ r 

ylx 2 + 1 2 1 ’ x-i 


- \] x~ + t x 


l 


= IA 1+ T 


Ai 

4 7C£ 0 X\lx 2 + t 

As l — » oo, the expression becomes tan# = -1 , and so the field makes an angle of 


45° below the x axis 


52. Please note: the first printing of the textbook gave the length of the charged wire as 6.00 m, but it 
should have been 6.50 m. That error has been corrected in later printings, and the following solution 
uses a length of 6.50 m. 

(a) If we follow the first steps of Example 21-11, and refer to Figure 2 1 -29, then the differential 


electric field due to the segment of wire is still dE - 


1 


Adv 


4 ns Q (x 2 + v 2 ) 

symmetry, and so we calculate both components of the field. 

1 Adv „ 1 Axdy 


. But now there is no 


dE - dE cos# = 


4 ns 0 (x 2 + y 2 ) 


Adv . 1 

cos # = 

4ns, 


(x 2 +y 2 } 


1 A dv 

dE = -dE cos# = ysin# = 

4 ns a ( jc + y ) 

The anti-derivatives needed are in Appendix B4. 
E = 


Aydy 


4^o (x 2 + y 2 ) 


T max 

f 1 

Axdy 

Ax >; "r“ 

dy 

Ax 

( \ 
y 

y\ 4 ^0 

( 2 l\ 3/2 

(x +y ) 

4k£ o L 

( 2 , 2 s 

(x +y 

) 3 ' 2 4 ^ 0 

(x 2 ^/x 2 + y 2 ^ 


A 


f 


4 ns a x 


r 




y a 


y« 




2 , 2 
X + V 

s ma 


2 , 2 
x + y 

s m 


8.99 xlO 9 


N*m 




V 


C 2 


V 

(3.15 x 10~ 6 C)/(6.50m) 


(0.250m) 


2.50m 


(-4.00 m) 


^/(0.250m) 2 + (2.50m) 2 ^/(0.250m) 2 + (-4.00m) 2 


= 3.473 x 10 4 N/C « 3.5 x 10 4 N/C 
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E =- 


r 1 

Aydy 

-- A 1 

r ydy 

A 

r 

-1 ] 

i 4ns 0 | 

(x 2 + v 2 ) 

f ,/2 4n£ « 1 

A 

(x 2 + V 2 ) 

3/2 ~~ A 

| 4 ns 0 

Iv 

f x- + y 2 , 


A 


4 7ts„ 


4 


2 , 2 

X + V 

•T ma 


3.99x10' 


N*m 

“c 5 


2 A 


ylx+yL , 

(3.15 x 1(T 6 C) 


(6.50m) 


^/(0.250m) 2 + (2.50m) 2 ^/(0.250m) 2 + (-4.00m) 2 


= 647 N/C » 650 N/C 


(6) We calculate the infinite line of charge result, and calculate the errors. 


E = 


A 


2A 


2ns n x 4 ns„x 


= 2 8.99x10 


N*m 


2 


(3.15 x 10~ 6 C) 


(6.50m)(0.250m) 


= 3.485 xlO 4 N/m 


E x - E (3.473 x 10 4 N/C) - (3.485 x 10 4 N/m) 


(3.485 xlO 4 N/m) 


-0.0034 


(647 N/C) 


0.019 


E (3.485 xlO 4 N/m) 

And so we see that E x is only about 0.3% away from the value obtained from the infinite line of 

charge, and E is only about 2% of the value obtained from the infinite line of charge. The 

field of an infinite line of charge result would be a good approximation for the field due to this 
wire segment. 


53. Choose a differential element of the rod dx a 
distance x from the origin, as shown in the 
diagram. The charge on that differential element is 

dq = ^ dx. The variable x is treated as positive, 
so that the field due to this differential element is dE = 


t 

►I 1^ — x' —^4^ — 

dx' 

dq Q 


dE 


X- 


-^1 




dx 


4ns a (x + x ') 2 4ns/ (x + x')' 


Integrate 


along the rod to find the total field. 




dx' 


J 


dx' 


1 1 


„ 4 ns/( x + x') 4ns/ J 0 (x + x')‘ 4ns/y x + x'J 0 4ns/ yx x + lj 


4 ns 0 x(x + £) 
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54. As suggested, we divide the plane into long narrow strips of width dy and length L The charge on 
the strip is the area of the strip times the charge per unit area: dq = aldy. The charge per unit length 

dq 

on the strip is A = — = ady. From Example 21-11, the field due to that narrow strip is 


dE = 


A 


ady 


2 ns 0 jy 2 +z 2 2n£ 0 y[_ 


2 , 2 

V + z 


. From Figure 21-68 in the textbook, we see that this field 


does not point vertically. From the symmetry of the plate, there is another long narrow strip a 
distance y on the other side of the origin, which would create the same magnitude electric field. The 
horizontal components of those two fields would cancel each other, and so we only need calculate 
the vertical component of the field. Then we integrate along the y direction to find the total field. 
ad y . azdy 


dE - - r 

2^o V. 

oo 

£ = £. = j 


2 , 2 

y + z 


dE - dE cos 0 - 


azdy 


az 


I 


2Jte 0 (/ +z 2 ) 

dy 


az 1 f _! y 

/ j , \ — J / 2 2 \ tcHl 

2ns t 0 (y + z" J 2 ns 0 f (y‘ + z J 2 ns 0 z V z j 


a 


2 ns, 


■j^tan 1 (oo) - tan 1 (-oo)J : 



n 

r n' 


a 

/J 2 ^o 

_ 2 

V 2 


2 ^o 


|55.| Take Figure 21-28 and add the angle tj , measured from the -z axis, 
as indicated in the diagram. Consider an infinitesimal length of the 
ring adtj). The charge on that infinitesimal length is dq - A(adtj) 

-—{adtj ) ) -—dtj). The charge creates an infinitesimal electric 
na n 


field, d E, with magnitude dE = 


1 dq 


1 


n 


-dtj) 


4ns n x 2 + a 2 


From the 



4 ns 0 r" 

symmetry of the figure, we see that the z component of d E will be cancelled by the z component 
due to the piece of the ring that is on the opposite side of the y axis. The trigonometric relationships 
give dE x = dE cos 6 and dE y = - dE sin 9 sin <j>. The factor of sin <f> can be justified by noting that 

dE =0 when (f> - 0, and dE = -dE sin 0 when (f> = 71 / 2 . 

Q d<j> x Qx d(j) 


dE = dE cos 0 - 

E (?- v 

4 sr 2 s 0 (x 2 + a 2 ) 

dE v = -dE sin 0 sin <f> - - 
Qa 


4 n 2 s 0 x 2 + a 2 Vx 2 +a 2 4/r 2 s 0 ( x 2 + a 2 ) 3 

n 

| dtf> = 


Qx 


4 ns a (x 2 + a 2 ) 


dtj) 


E =- 

y 


4k 2 s 0 X 2 + a 2 *J X 2 + a 2 
Qa 


sm0 = — 


Qa 


4 7z 2 £ Q {x 2 +a 2 ^j 


sm 


4^ 2 £: 0 (x 2 + a 2 ) 


4 n 2 £ 0 (x 2 + a 2 ) 
-[(-cos^) -(-cosO)] 


sin tjxltj) 
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2 Qa 

4 K 2 £ 0 

x' +a 2 

3/2 


We can write the electric field in vector notation. 
Qx ; 2 Qa 


E = ■ 


4 7T£ 0 (x 2 +a 2 ^) 4 ;r 2 £ 0 (x 2 +a 2 ) 


J 


2 

; 2 a A 

4 7T£ 0 

x 2 +a 2 

3/2 

XI J 


56. (a) Since the field is uniform, the electron will experience a constant force in the direction opposite 
to its velocity, so the acceleration is constant and negative. Use constant acceleration 
relationships with a final velocity of 0. 

eE 2 , 

F = ma - qE - -eE — » a - ; v = v 0 + 2aAx = 0 — » 

m 


2 2 2 ( 

T> v o mv o \ 

9.1 1 x 10 31 kg) 

(27.5 xlO 6 m/s) 

2a 2 

f eE / 

I 2e E 2 

(l.60xl0” 19 C) 

(l 1.4 x 10 3 N/c) 


0.189m 


V m J 

(. b ) Find the elapsed time from constant acceleration relationships. Upon returning to the original 
position, the final velocity will be the opposite of the initial velocity, 
v = v„ + at 


t = 


v-v 0 -2v 0 2mv 0 2(9.1 lxlQ- 3l kg)(27.5xlQ 6 m/s) 
eE ~ (l.60xl0“ 19 c)(ll.4xl0 3 N/c) 


' eE'' 

V m ) 


2.75x10 s 


57. ( a ) The acceleration is produced by the electric force. 

F net = ma -qE- -eE —> 

(l.60xl0~ 19 C) r/ - -i / - «v . 

a = E = ^ — 4r|_(2.0i + 8.0j) x 10 4 N/cJ = (-3.513 x 10 b i - 1.405 x 10 16 j)m/s 2 


m (9.11x10 3l kg) 


-3.5 x 10 15 m/s 2 \ - 1.4 x 10 16 m/s 2 j 


(. b ) The direction is found from the components of the velocity. 

v = v + at = (8.0xl0 4 m/s) j + |((-3.5 13 xl0 15 i- 1.405 xl0 16 j)m/s 2 J(l.0xl0 -9 s) 

= (-3.513 x 10 6 i - 1.397 x 10 7 j) m/s 


f -iU . -i 

tan — = tan 


^ — 1 .397 x 10 7 m/s 


-3.513 xlO 6 m/s 


= 256°or-104° 


This is the direction relative to the x axis. The direction of motion relative to the initial 


direction is measured from the y axis, and so is 9 - 1 66° counter-clockwise) from the initial 
direction. 


58. (a) The electron will experience a force in the opposite direction to the electric field. Since the 
electron is to be brought to rest, the electric field must be in the same direction as the initial 


velocity of the electron, and so is to the | right 


(b) Since the field is uniform, the electron will experience a constant force, and therefore have a 
constant acceleration. Use constant acceleration relationships to find the field strength. 
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F - qE-ma — » a = 


qE 


m 


E = 


777 (v 2 -V 2 ) 


-mv„ 


22 2 qE 

v = v 0 + 2a Ax = v 0 + 2 — Ax: 

m 

(9.109 x 10 3l kg)(7.5 x 10 5 m/s)' 


2qAx 2qAx 2(— 1.602 x 10~ 19 C)(0.040m) 


40N/C (2 sig. fig.) 


59. The angle is determined by the velocity. The x component of the velocity is constant. The time to 
pass through the plates can be found from the x motion. Then the y velocity can be found using 
constant acceleration relationships. 


x eE x 

x = vj — > t = — ; v =v n + a t = 

0 5 y yO y 

v A m v A 


tan 6 = — - 

v. v, 


0 

eE x 
m 


v 0 eEx ( 1 .60 x 10~ 19 c)(5.0 x 10 3 N/c)(0.049m) 


mv„ 


(9.1 1 x 10 31 kg)(l.00 x 10 7 m/s) 2 


= -.4303 -> 


6 - tan -1 (-0.4303) = —23° 


60. Since the field is constant, the force on the electron is constant, and so the acceleration is constant. 
Thus constant acceleration relationships can be used. The initial conditions are x () = 0, y 0 = 0, 

v t0 = 1.90 m/s, and v v0 = 0. 

F = 777a = gE — > a = — E = -— E ; a =-—E ,a =-—E 

1 7 x x 7 y y 

777 777 777 77? 

1 2 eE 2 

x - + v J + f a t = v f 1 

0 xO 2 x xO ^ 

2m 


= (l.90m/s)(2.0s) - 


(1.60x10' 

- 19 c) 

(2.00x10 

- U N/C) 

21 

(9. 1 1 x 10 31 kg) 

1 


(2.0s) 2 = 


-3.2 m 


, eE ^ (1.60x10 19 C)(-1.20x 10 11 N/C), x2 

y = y 0 +vj + \dt = L r =-- 7 — — — v -(2.0s) = 

0 70 2 7 277? 2(9.1 lxio 31 kg) v 


4.2 m 


|61.| (a) The field along the axis of the ring is given in Example 2 1 -9, with the opposite sign because this 
ring is negatively charged. The force on the charge is the field times the charge q. Note that if 
x is positive, the force is to the left, and if x is negative, the force is to the right. Assume that 
x R. 


r _ qE _ 1 (~g) x L 

4^„ ( x 2 + r 2 ) 3 2 4ns, ( x 2 + r 2 ) 


-qQx 


3/2 4 ns„R 3 


0 yx -r A J ’'^0 (A +A j 

This has the form of a simple harmonic oscillator, where the “spring constant” is 

, Qq 

k , . = . 

elastic . n 3 

4 ns 0 R 

( b ) The spring constant can be used to find the period. See Eq. 14-7b. 

T = 2n 


777 


k., 


- 2 n 


777 


Qq 


= 2 n. 


m4ns n R 


= 4 n. 


\mns 0 R 


Qq 


Qq 


4ns, R 
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1.1 x 10 T-m 


62. (a) The dipole moment is given by the product of the positive charge and the separation distance. 
p = Q£ = (l.60 x 1 CT i9 C)(0.68 x l(T 9 m) = 1.088 x 10 _28 Om ; 

(. h ) The torque on the dipole is given by Eq. 21 -9a. 

r = pEsmd = ( 1.088 x 10“ 28 Om)(2.2 x 10 4 N/c)(sin90°) = 

(c) r = pE sind = ( 1.088 x IQ -28 Pm) (2.2 x IQ 4 N/c)(sin45°) = |l.7 x lQ^N-m 


2.4x10 Om 


(d) The work done by an external force is the change in potential energy. Use Eq. 21-10. 
W = AU = (-pE cos 6> fmal )-(-pE cos 0 Mm ) = pE (cos 9 ima - cos 0 , ml ) 


(l .088 x 10~ 28 C-m)(2.2 x 10 4 N/c)[l - (-1)] 


4.8x10 J 


63. (a) The dipole moment is the effective charge of each atom times the separation distance. 


3.4 x 10~ 2 °C 


, „ p 3.4 x 10 C*m 

p = Ql — > Q = — = 

t 1.0x10 m 

Q 3.4 x 1(T 20 C r— | 

(. b ) — = - — = 0.21 No, the net charge on each atom is not an integer multiple of e. This 

e 1.60x10 C 

is an indication that the El and Cl atoms are not ionized - they haven’t fully gained or lost an 
electron. But rather, the electrons spend more time near the Cl atom than the El atom, giving the 
molecule a net dipole moment. The electrons are not distributed symmetrically about the two 
nuclei. 

(c) The torque is given by Eq. 2 1 -9a. 


.5 x 10 26 N»m 


r = pEsm6 -» f max = pE = (3.4 x 10~ 3 °C*m)(2.5xl0 4 N/c) = | 

(d) The energy needed from an external force is the change in potential energy. Use Eq. 21-10. 
W = AU = (-pE cos 6> fmal )-(-pE cos £ imual ) = pE (cos - cos <9 fmal ) 


= (3.4 x 10” 3 °C»m) (2.5 x 10 4 N/C)[l - cos45°] = 


2.5 x 10 26 J 


64. (a) From the symmetry in the diagram, we see that the resultant field 
will be in the y direction. The vertical components of the two 
fields add together, while the horizontal components cancel. 

Q r 


E net = 2E sin ^ = 2 


4 ns, 


(r 2 + £ 2 )p + f y 


2 Qr 

2 Qr 

20 

4 7ts a ( r 2 + i 2 ) 

4 ^'o( r ’’) 

4;re 0 r 2 


( b ) Both charges are the same sign. A long distance away from the 


V 

.V, 


3L 


E 

\ 

r \ 




charges, they will look like a single charge of magnitude 2(Q, and so E -k-E- 


Q 

2Q 


X 


65. (a) There will be a torque on the dipole, in a direction to decrease 9. That torque will give the 
dipole an angular acceleration, in the opposite direction of 9. 


d 2 9 


pE 


r = -pEsm9 = Ia — » a = — — = sin^ 

dr I 
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If 9 is small, so that sin 9^9, then the equation is in the same form as Eq. 14-3, the equation 

of motion for the simple harmonic oscillator. 

d 2 9 pE . pE d 2 9 pE 

— = sin 9 *- — 9 -> — - + — 6> = 0 
dr I I dt I 

(b) The frequency can be found from the coefficient of 9 in the equation of motion. 


2 _P E ^ r_ 
CO - — — — > f - 


J_ PE 

2n V I 


66. If the dipole is of very small extent, then the potential energy is a function of position, and so Eq. 21- 
10 gives U (x) = -p*E(x). Since the potential energy is known, we can use Eq. 8-7. 

dU d r ~ / \ ~i — f/E 

F .=-~r = --[-P' E M] = P-— 

dx dx dx 

Since the field does not depend on the y or z coordinates, all other components of the force will be 0. 
Thus F = F i = 


( - dE ^ 


P 

i 

^ dx ) 



|67.| (a) Along the x axis the fields from the two charges are 
parallel so the magnitude is found as follows. 

Q (-S3) 


E . - E n + E n - 

net +Q -Q 


4xs 0 (r-Uy 4 ns 0 (r + UY 


4 ns a (r + \ Hy (r-\ty 

Q(2rt) Q(2rt) 2QI 


% 


4xs 0 (r + y ny (r - \ iy 4 ns/ 4 ns/ 


1 2 p 


4 ns n r 


The same result is obtained if the point is to the left of -Q. 


(b) The electric field points in the [same direction as the dipole) 


+ Q 


moment vector. 


E 




68. Set the magnitude of the electric force equal to the magnitude of the force of gravity and solve for 
the distance. 

2 

e 

F e= F g ->• k— = mg ->• 


k , l0 v ( 8.988 xl0 9 N-m 2 /C- 

r = e\ -(l.602xl0 _19 c) — f-r 

mg v ^ V (9.11 xl0' 3 kg)(9.80 m/s ) 


5.08 m 


69. Water has an atomic mass of 18, so 1 mole of water molecules has a mass of 18 grams. Each water 
molecule contains 10 protons. 


65kg 


^6.02 x 10 23 H,O molecules^ 

^ 10 protons / 

f 1.60 x 10~ 19 C^ 


3.5 x 10 9 C 

l 0.018kg J 

v 1 molecule ) 

v proton ) 
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70. Calculate the total charge on all electrons in 3.0 g of copper, and compare 38//C to that value. 


Total electron charge = 3.0 g 
Fraction lost = 


f lmole^l 

/ 6.02 x K) 2 ’ atoms 

( 296 1 

/ 1.602 x 10' 19 C/ 

V 63.5 g J 

v mole j 

v atoms J 

l le J 


= 1.32 x 10C 


38xl0^C 


1.32x10 C 


2.9x10' 


71. Use Eq. 21 -4a to calculate the magnitude of the electric charge on the Earth. 
Q Er (150 N/C)(6.38xl0 6 m) 2 

E r ^ k 8.988 xl0 9 N-m 2 /C 2 


6.8x10 C 


Since the electric field is pointing towards the Earth’s center, the charge must be | negative 


72. (a) From problem 71, we know that the electric field is pointed towards the Earth’s center. Thus an 
electron in such a field would experience an upwards force of magnitude F E =eE . The force 
of gravity on the electron will be negligible compared to the electric force. 


F E =eE — ma — > 


eE (I.602xl0-»C)(150N/C) _ ,, , Ali ,, 

— = 7 r = 2.638x10 m/s *2.6x10 m/s 

m (9.11xl0' 31 kg) 


1 up 


(. b ) A proton in the field would experience a downwards force of magnitude F E -eE . The force of 
gravity on the proton will be negligible compared to the electric force. 


F E =eE - ma — > 


eE (I.602xl0-»C)(150N/C) _ , , | , 7 4 

: = — = - t — — r = 1.439x10 m/s *1.4x10 m/s , down 

m (l. 67x10 kg) 


a 2.638 xlO 13 m/s 2 

(c) Electron: — = — 

g 9.80 m/s 2 


2.7x10 


; Proton: — = 
g 


a 1.439 xl0 10 m/s 2 


9.80 m/s 2 


1.5x10 


|73.| For the droplet to remain stationary, the magnitude of the electric force on the droplet must be the 
same as the weight of the droplet. The mass of the droplet is found from its volume times the density 
of water. Let n be the number of excess electrons on the water droplet. 

F E -\q\E-mg — > neE-^nr i pg — > 


n - ■ 


Anr^ pg 
3 eE 


4rt\ 

(l.8xl0 

5 m) (l.OOxlO 3 kg/m 3 ) 

(9.80 m/s 2 ) 

31 

(1.602 xl O' 19 C) 

(150 N/C) 


- 9.96x10 


1.0 xlO 7 electrons 


74. There are four forces to calculate. Call the rightward direction the positive direction. The value of k 
is 8.988 xlO 9 N -m 2 /C 2 and the value of e is 1. 602x1 O' 19 C . 

£(0.40e)(0.20e) f 


^net - ^CH + F di + F OH +F ati~' 


(lx 10 9 m) 


■ + ■ 


■ + ■ 


(0.30)' (0.40) (0.18)' (0.28)' 


= 2.445 x 10' 10 N * 2.4 x 10' 10 N 
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75. Set the Coulomb electrical force equal to the Newtonian gravitational force on one of the bodies (the 
Moon). 

Qr M M . 

F v =F r -> k— = G Moon Eanh -» 

EG 2 2 


/ GM Moon M Earth 


| (6.67xlO _11 N-m 2 /kg 2 ) 

(7.35xl0 22 kg) 

(5.98xl0 24 kg) 

1 

(8.988 xl0 9 N-nf/C 2 ) 



5.71x10 C 


76. The electric force must be a radial force in order for the electron to move in a circular orbit. 

Q mvl 

F E= Radial k ~ = 


Crbit = = (8.988 x 10 9 N • m 2 /c 2 ) 

mv~ 


(l .602 x 10~ 19 C) 2 


77. Because of the inverse square nature of the electric field, 
any location where the field is zero must be closer to the 
weaker charge ( Q -, ) . Also, in between the two charges, 


(9.109 x 10~ 3l kg)(2.2 x 10 6 m/s)" 
fii 


5.2 x 10 m 


02 


d 


■i 




the fields due to the two charges are parallel to each other and cannot cancel. Thus the only places 
where the field can be zero are closer to the weaker charge, but not between them. In the diagram, 
this means that /must be positive. 

Q, 


E = -k%- + k 
t 


1 = 


( l + d ) : 


*d = 


-0 — > Q 2 1 (f + d~) - Qfl — > 


I 


5.0x10 C 


V2.5xl0 5 C-V5.0xl0^C 


(2.0m) = 


1.6 m from Q 2 , 
3.6m from Q l 


78. We consider that the sock is only acted on by two forces - the force of gravity, acting downward, 
and the electrostatic force, acting upwards. If charge Q is on the sweater, then it will create an 

electric field of E - ^ , where A is the surface area of one side of the sweater. The same 

2^o 2 ^o 

magnitude of charge will be on the sock, and so the attractive force between the sweater and sock is 

Q 2 

F e - QE = . This must be equal to the weight of the sweater. We estimate the sweater area as 

2 e 0 A 

0. 10 m 2 , which is roughly a square foot. 


F e =QE- 


2e 0 A 


■■ mg — > 


Q = ^2s 0 Amg =^2(8.85xl0 -l2 C 2 /N-m 2 )(0.10m 2 )(0.040kg)(9.80m/s 2 ) = 


! x 10~ 7 C 


|79.| The sphere will oscillate sinusoidally about the equilibrium point, with an amplitude of 5.0 cm. The 
angular frequency of the sphere is given by co — -Jk/m - ^126N/m/0.650kg =13.92 rad/s. The 
distance of the sphere from the table is given by r = [(). 1 50 -0.0500 cos (13.92/)] m . Use this distance 
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and the charge to give the electric field value at the tabletop. That electric field will point upwards at 
all times, towards the negative sphere. 


E = k'-=r - 


Q\ (8.988 x 10 9 N • m 2 /c 2 ) (3.00 x 10~ 6 c) 


2.70 xlO 4 


[0. 1 50 - 0.0500 cos ( 13.92*)]' m 2 [0. 1 50 - 0.0500 cos (13.92*)]' 


-N/C 


1.08 xlO 7 


[3.00- cos (I3.9*)f 


-N/C, upwards 


80. The wires form two sides of an isosceles triangle, and so the two charges are 

separated by a distance £ = 2 (78 cm) sin 26° = 68.4 cm and are directly horizontal 

from each other. Thus the electric force on each charge is horizontal. From the free- 
body diagram for one of the spheres, write the net force in both the horizontal and 
vertical directions and solve for the electric force. Then write the electric force by 
Coulomb’s law, and equate the two expressions for the electric force to find the 
charge. 


= F t cos 6 - mg = 0 — > F T = 


mg 

cost? 


y = F t sin 0-F v - 0 — > F e -F t sint? = — —sin 0 = mg tan 0 

cos 0 

e=2 


£ 


= 2 (0.684 m) 


(24 x 1 (T 3 kg) ( 9. 80 m/s 2 ) tan 26° 


(8.988 xl0 9 N-m 2 /c 2 ) 


= 4.887 xl(r 6 C- 


4.9 x icr 6 c 



mg 


81. The electric field at the surface of the pea is given by Eq. 21 -4a. Solve that equation for the 
charge. 

O Er 2 (3xl0 6 N/c)(3.75xl0 _, m) 2 

f = -> Q = — = - A ’ 


r k 

This corresponds to about 3 billion electrons. 


.988xl0 9 N-m 2 /C 2 


5x10 C 


82. There will be a rightward force on Q x due to Q 2 , given by Coulomb’s law. There will be a leftward 
force on Q x due to the electric field created by the parallel plates. Let right be the positive direction. 

Im 




-I Q\E 


, . , (6.7xl0^c)(l.8xl0^c) , 

= (8.988 xlO 9 N-m / C 2 )- ^-(6.7xl0~ 6 C)(7.3xl0 4 N/c) 

(0.34m)' 


0.45 N, right 
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83. The weight of the sphere is the density times the volume. The electric force is given by Eq. 21-1, 
with both spheres having the same charge, and the separation distance equal to their diameter. 

0 2 3 . 


mg - k 


W 




( 2 ,)’ 


Q= 


16 pngr 


161 

(35kg/V ] 

|;r(9.80m/s 2 ) 

(l.OxlO 2 m) 


3k 


3(8.99 xl0 9 N-m 2 /c 2 ) 


8.0x10 9 C 


84. From the symmetry, we see that the resultant field will be in the y 
direction. So we take the vertical component of each field. 

Q r 2 0 


E =2E, sin 0-E =2- 


4 ns, 


(r 2 +f )( r 2 +f y 


2 4;r£ 0 r 2 


2 Q 


4^o 

+ 

r 


20 

r 

4rtSo\ 

V 2 +£ 2 ) 3/ V 

Y 

2 Qr 

( h 2 Y 2 ' 

l r J 


-(r 2 +f 2 )" 


\nej 


f f-\ vl 

1 + 4 


Use the binomial expansion, assuming r » l. 


E = 



2 Qr 

1- 

1 + W 

3 / 2l 

! 

2 Qr 

1- 

( 

i + fw 

^ r ) 

f p 4 

20, - 3 2 , 

J V r ) 

4 7re a r s 

.4) 
. r ) 

3/2 ~ 

4 ns/ 

' 

r ) 

4tts/ (1) 


3QZ 2 


4 7rs 0 r 


Notice that the field points toward the negative charges. 


|85.| This is a constant acceleration situation, similar to projectile motion in a uniform gravitational field. 
Let the width of the plates be £, the vertical gap between the plates be h, and the initial velocity be 
v 0 . Notice that the vertical motion has a maximum displacement of hi 2. Let upwards be the positive 

vertical direction. We calculate the vertical acceleration produced by the electric field and the time t 
for the electron to cross the region of the field. We then use constant acceleration equations to solve 
for the angle. 


eE 

F r =ma =qE--eE — > a v = ; l - v 0 cos 0 O (?) — » t = 

m 


l 


V o COS0 o 


eE 

v = v n + a t, — > 0 = v n sin 0. 

y Oy y top 0 0 

top Wl 


f 


l 


V v o cos ^0 J 


2 

v o = 


eE 

2m 


y sin 0 O cos 0 O j 
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Xop^o+Vtop+la/ -> t ^ = v 0 sin 9 0 


r, 1 'i 

t eE 

r, « 1 

l 2 fi,COS0 o j 

2 

m 

V 2 v 0 cos 6» 0 J 


h - l tan (l - - 


eEf 1 


4/77 cos’ 0 O v 0 


2 = l tan 9 0 - 


eEf 


Am cos 2 9 n eE f 


2m 


-» 


= £ tan 0 O - j l tan 0 n 


y sin 0 O cos 9 a j 


, , ,2 h 2(1. Ocm) 

h tan 9., — > 9.,- tan — = tan — 

H 6.0 cm 


18° 


86. (a) The electric field from the long wire is derived in Example 21-11. 
1 X 

E = , radially away from the wire 


2 ke 0 r 


( b ) The force on the electron will point radially in, producing a centripetal acceleration. 


F = qE 


e X mv~ 


2 7is 0 r 


v = 2- 


1 eX 


4 7I£ 0 777 


, , 2 i ^(1.60x10 w c)(0.14x 10^ C/m) 

2(8.99 xlO 9 N*m 2 /C 2 )- — — L 

v ’ 9.11xl0' 3 kg 


2.1 x 10 7 m/s 


Note that this speed is independent of r. 


E, 


E, 


87. We treat each of the plates as if it were infinite, and A 
then use Eq. 21-7. The fields due to the first and 
third plates point towards their respective plates, 
and the fields due to the second plate point away 
from it. See the diagram. The directions of the 
fields are given by the arrows, so we calculate the 
magnitude of the fields from Eq. 21-7. Let the 
positive direction be to the right. 

<7, CT, CT, 

e k = e x -e,+e z = ^ ^ + ^ 

2s 0 2s a 2s 0 

_ (0.50 - 0.25 + 0.35) x 10~ 6 C/m 2 _ 

2 (8.85 x 10~ 12 C 2 /N*m 2 ) 

CT. CT~. CT. 

E b = -E 1 -E 2 +E=-^- T + ^ 

2e 2 s 2 s 

_ (-0.50 - 0.25 + 0.35) x 10^ C/m 2 


E, H 


a 


- 

B 

+ 

c 

- 

- 

E, 

+ 

E, 

- 

- 

* 

+ 

* 

- 


e 2 


e 2 


- 

* 

+ 

► 

— 

- 

E 3 

+ 

E 3 

- 

; 


± 

* 

z 


3.4 x 10 4 N/C, to the right 


a 


H D 


E, 


E„ 


n e. 


a 


2(8.85 x 10~ 12 C 2 /N-m 2 ) 


= -2.3 x 10 4 N/C = 2.3 x 10 4 N/C to the left 


CT, CT~. \CT. 

E r =-E, + £,+£ + ^ 

2s 2s 2s 

^°o 

_ (-0.50 + 0.25 + 0.35) X 10~ 6 c/m 2 


2(8.85 x 10~ 12 C 2 /N-m 2 ) 


5.6 x 10 3 N/C to the right 
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E D - E l + E 2 E 3 - 


2s 0 2s 0 


- + - 


2s n 


(-0.50 + 0.25 - 0.35) x 10~ 6 C/m 2 
2 (8.85 x 10~ 12 C 2 /N*m 2 ) 


= -3.4 x 10 4 N/C = 3.4 x 10 3 N/C to the left 


i. Since the electric field exerts a force on the charge in the 
same dir ection as the electric field, the charge is 
positive . Use the free-body diagram to write the 
equilibrium equations for both the horizontal and vertical 
directions, and use those equations to find the magnitude 
of the charge. 



43 cm 



43 cm 

0-cos = 38.6 

55 cm 


J^F r =F B -F T sm0 = O -> F e = F T sin0 = QE 


= F t cos 0-mg = 0 — » F t = 


mg 

COS0 


QE = mg tan 6 


mg tan 6 1 

(l.O x 10 3 

kg) (9.80 m/s 2 

) tan 38.6° 

E I 

(l.5xl0 4 N/c) 



5.2 x 10 C 


89. A negative charge must be placed at the center of the square. Let 
Q = 8.0 /uC be the charge at each corner, let -q be the magnitude of 
negative charge in the center, and let d = 9.2 cm be the side length of 
the square. By the symmetry of the problem, if we make the net force 
on one of the comer charges be zero, the net force on each other 
comer charge will also be zero. 

Q 2 Q 2 

F *\= k ^P -> F< u =k*-,F„ y = 0 

d d 




Of 

2d 2 

,2 


F 42 X = k -f-f cos45 ° = k ^E7T > F 42 y = k ^ Q 


2 d z 


4 <T 


4 d' 


Qr Q 

F, ,=k^~ -> F =0 ,F„ =k^~ 

43 j2 43jc 5 43j; 7 2 

a a 

r , qQ , r, ,2 qQ , sfiqQ 

F, - k ——r- —> F. =—k — — cos 45 = -k — = F. 

d 2 ! 2 Aqx d 2 d 2 

The net force in each direction should be zero. 

^2 


^ d 2 4 d 2 d 2 


^ + ll = (8.0xl0 _6 C)f^ + - 

14 a ) \ V2 4 


,=e lA 4 
So the charge to be placed is -q = 


= 7.66x10 C 


-7.7 x 10 C 
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This is an unstable equilibrium . If the center charge were slightly displaced, say towards the right, 
then it would be closer to the right charges than the left, and would be attracted more to the right. 
Likewise the positive charges on the right side of the square would be closer to it and would be 
attracted more to it, moving from their comer positions. The system would not have a tendency to 
return to the symmetric shape, but rather would have a tendency to move away from it if disturbed. 


90. (a) The force of sphere B on sphere A is given by Coulomb’s law. 

F„ - 


kQ 2 


R- 


, away from B 


(. b ) The result of touching sphere B to uncharged sphere C is that the charge on B is shared between 
the two spheres, and so the charge on B is reduced to <9/2 . Again use Coulomb’s law. 


^AB =k 


22/2 

R 2 


kQ 2 


2 R- 


away from B 


(c) The result of touching sphere A to sphere C is that the charge on the two spheres is shared, and 
so the charge on A is reduced to 3(9/4 . Again use Coulomb’s law. 

.(3 g/4) (0/2) 


^AB =*- 


RT 


3A'2 


8 R 2 


away from B 


|91.| (a) The weight of the mass is only about 2 N. Since the tension in the string is more 
than that, there must be a downward electric force o n the positive charge, which 
means that the electric field must be pointed down . Use the free-body diagram to 
write an expression for the magnitude of the electric field. 

X/’ = 2 - mg - F E = 0 -> F y = QE = F f - mg 

F J - mg _ 5. 18 N -(0.210kg) (9.80m/s 2 ) 


E = 

£ 

(. b ) Use Eq. 21-7. 

cr 


3.40 x 10C 


9.18 x 10 6 N/C 


£ = — -> cr - 2Es 0 =2(9.18 x IQ 6 N/c)(8.854 x 10~ 12 ) = 1 .63 x KT 4 c/m 2 


mg 


92. ( a ) The force will be attractive. Each successive charge is another distance d farther than the 
previous charge. The magnitude of the charge on the electron is e. 


F ^ k jS T+k jB T+k jS T+k 


- k 


{d) (2 d) (3 d) (4 d) 

eQ 


2 d 2 


^ 1 1 1 1 

— + — + — + — + ■ 
V 1 2- 3 4 2 


^ 1 1 e(Q rr 

d 2 „ =1 /7 2 4 7I£ d 2 6 


7teQ 


24 £jd~ 


( b ) Now the closest 2 is a distance of 2d from the electron. 


_£0 +k je 


(3d) (4 d) (5 d)' (6 d) 


+ ...=U? 


J- d—l 2 7 2 

d „_ 3 77 d 


' =0 1 X 

<n= 1 n J 


1 1 

l 2 2 2 


d 2 


n 

6 


1111 

~ r + — r + — r + — r + ' 

3 4- 5 2 6 


eQ 

2 c 

K 5 

A7TS 0 d 2 

_ 6 4 J 
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93. (a) Take — , set it equal to 0, and solve for the location of the maximum. 
dx 

£ = J 

4^o (x 2 + a 2 ) 

( 2 2 \3/2 / 2 2 / 2 2\ 

r +a -xflx~+a 1 2x Q la -2 jc 1 
dx 4 ^o (x 2 +a 2 ) 3 4/zs 0 ( x 2 +a 2 ) 5/2 


(x‘ +a 2 ) 


= 0 — > a 2 - 2 x 2 =0 — > 


a 10 . 0 cm 

x = —j= 7 = — = 7.07 cm 

V 2 V2 

(b) Yes , the maximum of the graph 
does coincide with the analytic 
maximum. The spreadsheet used 
for this problem can be found on 
the Media Manager, with filename 
“PSE4_ISM_CH21.XLS,” on tab 
“Problem 21.93b.” 

(c) The field due to the ring is 

E — L 

n " 8 (.v la f” 

(d) The field due to the point charge is 

E . = — . Both are plotted 

ring a 9 r 



E = 

ring 


4 7tE 0 X 










— 

Ring 

Point 


\ 




/ 






on the graph. The graph shows that £ 

the two fields converge at large | , 

distances from the origin. The g 15 / 

spreadsheet used for this problem / . 

can be found on the Media o.o 4 — 

Manager, with filename 0 10 20 30 40 50 

“PSE41SM CH2 1 .XLS,” on tab x J a ^ > 

“Problem 21. 93cd.” 

( e ) According to the spreadsheet, is = 0.9is poiiit at about 37 cm . An analytic calculation gives the 
same result. 

1 Ox lO 

zt a n Z7 v ^ _ n n ^ 


E =0.9 E , 

ring point 
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94. ( a ) Let q { - 8.00 /XT, q 2 = 2.00//C, and 

d - 0.0500 m. The field directions due to the 
charges are shown in the diagram. We take care 
with the signs of the x coordinate used to 
calculate the magnitude of the field. 


~<h 


-T 


E, 

E, 


-d — > 




d>- 


■E, 

■ E, 


E, 

E 2 


x<—d 


-d<x < 0 


1 




P _ F 1 1 <7, 1 <7, 1 

"^^1 2 2 2 \ 2 
4/t£' 0 (|x| -r/) 4^e 0 (|x| + t/)" 4^£' (J (-x-d) 4 /re 0 (-x + i/f 

1 1 

(c? + x)" 4/r<f' () (-x + r/)" 


= -e 2 -e x = 


1 <b 2 1 <?i 

4^ 0 (c/-|x|) 2 4^ 0 (|jc| + rf)‘ 
i g 2 1 <h 


4 ns n 


E ° <x<d El El 4 7ts 0 (d + x) 2 4 7ts 0 (d-x) 2 

1 


E d <x ~ E x E 2 - 


20 

15 

10 


_J <y, 

4^0 


gi 1 q 2 

(x-d)~ 4 ks 0 (x + d) 


54 5 
z 

» 0 




-5 

-10 

-15 

-20 




























J 



V 






r~ 






























-30 


-20 


-10 0 
x (cm) 


10 


20 


30 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4ISMCH2 1 .XLS,” on tab “Problem 21.94a.” 

( b ) Now for points on the y axis. See the diagram for this case. 

E - -E. cos 0 - E 2 cos 0 

x 1 2 

1 < 7 , cos 6 1 q 2 cos 6 


4 7t£ 0 (d 2 +y 2 ) 4 tc£ q (d 2 +y 2 ) 

1 ( qi+<l2 K os0 = 1 ^,+</ 2 ) 1 


4ns 0 (d 2 + y 2 ) 4as 0 (d 2 + y 2 ) Jd 2 +y 2 

1 ( q t +q 2 )d 


4 ns, 


(d 2 +y 2 )' 



E - E. sin 6 - E. sin 0 - 

y i 2 


1 ^sint? 1 q 2 sind 


4 7ts 0 ( d 2 + y 2 ) 4 7is 0 {d 2 +J 2 ) 


1 {q x ~q 2 )y 

47ts 0 ( d 2 + y 2 ) 4 ns 0 ( d 2 + / ) JJ 1 + / 4 ns 0 (</ 2 + / ) 3/ 3 


1 ^ 1_ ^-sin0 = - 1 y 
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The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH21.XLS,” on tab “Problem 21.94b.” 
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CHAPTER 22: Gauss’s Law 


Responses to Questions 

[T] No. If the net electric flux through a surface is zero, then the net charge contained in the surface is 
zero. However, there may be charges both inside and outside the surface that affect the electric field 
at the surface. The electric field could point outward from the surface at some points and inward at 
others. Yes. If the electric field is zero for all points on the surface, then the net flux through the 
surface must be zero and no net charge is contained within the surface. 

2. No. The electric field in the expression for Gauss’s law refers to the total electric field, not just the 
electric field due to any enclosed charge. Notice, though, that if the electric field is due to a charge 
outside the Gaussian surface, then the net flux through the surface due to this charge will be zero. 

3. The electric flux will be the same. The flux is equal to the net charge enclosed by the surface divided 
by So. If the same charge is enclosed, then the flux is the same, regardless of the shape of the surface. 

4. The net flux will be zero. An electric dipole consists of two charges that are equal in magnitude but 
opposite in sign, so the net charge of an electric dipole is zero. If the closed surface encloses a zero 
net charge, than the net flux through it will be zero. 

5. Yes. If the electric field is zero for all points on the surface, then the integral of E*t/A over the 
surface will be zero, the flux through the surface will be zero, and no net charge will be contained in 
the surface. No. If a surface encloses no net charge, then the net electric flux through the surface will 
be zero, but the electric field is not necessarily zero for all points on the surface. The integral of 
Ev/A over the surface must be zero, but the electric field itself is not required to be zero. There may 
be charges outside the surface that will affect the values of the electric field at the surface. 

6. The electric flux through a surface is the scalar (dot) product of the electric field vector and the area 
vector of the surface. Thus, in magnitude, ® E = EA cost? . By analogy, the gravitational flux 
through a surface would be the product of the gravitational field (or force per unit mass) and the 
area, or ® g = gA cos 6 . Any mass, such as a planet, would be a “sink” for gravitational field. Since 
there is not “anti-gravity” there would be no sources. 

[ 7 ] No. Gauss’s law is most useful in cases of high symmetry, where a surface can be defined over 
which the electric field has a constant value and a constant relationship to the direction of the 
outward normal to the surface. Such a surface cannot be defined for an electric dipole. 

8. When the ball is inflated and charge is distributed uniformly over its surface, the field inside is zero. 
When the ball is collapsed, there is no symmetry to the charge distribution, and the calculation of the 
electric field strength and direction inside the ball is difficult (and will most likely give a non-zero 
result). 

9. For an infinitely long wire, the electric field is radially outward from the wire, resulting from 
contributions from all parts of the wire. This allows us to set up a Gaussian surface that is 
cylindrical, with the cylinder axis parallel to the wire. This surface will have zero flux through the 
top and bottom of the cylinder, since the net electric field and the outward surface normal are 
perpendicular at all points over the top and bottom. In the case of a short wire, the electric field is not 
radially outward from the wire near the ends; it curves and points directly outward along the axis of 
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the wire at both ends. We cannot define a useful Gaussian surface for this case, and the electric field 
must be computed directly. 

10. In Example 22-6, there is no flux through the flat ends of the cylindrical Gaussian surface because 
the field is directed radially outward from the wire. If instead the wire extended only a short distance 
past the ends of the cylinder, there would be a component of the field through the ends of the 
cylinder. The result of the example would be altered because the value of the field at a given point 
would now depend not only on the radial distance from the wire but also on the distance from the 
ends. 

1 1 . The electric flux through the sphere remains the same, since the same charge is enclosed. The 
electric field at the surface of the sphere is changed, because different parts of the sphere are now at 
different distances from the charge. The electric field will not have the same magnitude for all parts 
of the sphere, and the direction of the electric field will not be parallel to the outward normal for all 
points on the surface of the sphere. The electric field will be stronger on the side closer to the charge 
and weaker on the side further from the charge. 

12. (a) A charge of (Q - q) will be on the outer surface of the conductor. The total charge Q is placed 

on the conductor but since +q will reside on the inner surface, the leftover, (Q - q), will reside 
on the outer surface. 

( b ) A charge of +q will reside on the inner surface of the conductor since that amount is attracted 
by the charge -q in the cavity. (Note that E must be zero inside the conductor.) 

13. Yes. The charge q will induce a charge -q on the inside surface of the thin metal shell, leaving the 
outside surface with a charge +q. The charge Q outside the sphere will feel the same electric force as 
it would if the metal shell were not present. 

14. The total flux through the balloon’s surface will not change because the enclosed charge does not 
change. The flux per unit surface area will decrease, since the surface area increases while the total 
flux does not change. 


Solutions to Problems 

[T] The electric flux of a uniform field is given by Eq. 22- lb. 

(a) O e =E-A = EA cos 0 = (580 N/C)/r( 0.13 m) 2 cos 0 = 

(b) O h =E-A = EL4cos6»-(580N/C)^(0.13m) 2 cos45° 

(c) O e = E* A = £14 cos 0 = (580 N/C) /t (0. 1 3 m) 2 cos 90° = [o] 

2. Use Eq. 22- lb for the electric flux of a uniform field. Note that the surface area vector points 

radially outward, and the electric field vector points radially inward. Thus the angle between the two 
is 180°. 

O e = E-A = EA cos 6 = (150N/C)4^ cosl80° = -4^(150 N/C) (6.38 x 10 6 m) 2 
= -7.7 x 10 16 N*m 2 /C 
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Since the field is uniform, no lines originate or terminate inside the cube, and so the net flux is 

There are two opposite faces with field lines perpendicular to the faces. The other four faces 
have field lines parallel to those faces. For the faces parallel to the field lines, no field lines 

enter or exit the faces. Thus O el = [o]. 

Of the two faces that are perpendicular to the field lines, one will have field lines entering the 
cube, and so the angle between the field lines and the face area vector is 1 80°. The other will 
have field lines exiting the cube, and so the angle between the field lines and the face area 

vector is 0°. Thus we have O , = E»A - £U4cosl80° = 

entering U 

O^=E-A = E 0 Ao os0° = [£/. 

4. (a) From the diagram in the textbook, we see that the flux outward through the hemispherical 

surface is the same as the flux inward through the circular surface base of the hemisphere. On 
that surface all of the flux is perpendicular to the surface. Or, we say that on the circular base, 

E || A. Thus® E = E-A = 

(b) E is perpendicular to the axis, then every field line would both enter through the hemispherical 
surface and leave through the hemispherical surface, and so ® E = [o]. 

5. Use Gauss’s law to determine the enclosed charge. 

® e =^l -> g encl =® E f =(l840N-m 2 /c)(8.85xl0 _12 C 2 /N-m 2 

6. The net flux through each closed surface is determined by the net charge inside. Refer to the picture 
in the textbook. 

^=(+g-3g)/g 0 = |-2g/g 0 | ; ® 2 ={+Q + 2Q-3Q)/s 0 =\o\ ; 

®3 = (+2g-3g)/g 0 = |-g/g„| ; ® 4 =0 ; ® 5 = 

[ 7 ] (a) Use Gauss’s law to determine the electric flux. 

Q , -l.OxlO^C 

/R -^encl 

E g 8.85 xlCT 12 C 2 /n -m 2 
(. b ) Since there is no charge enclosed by surface A 2 , = [o] . 

8. The net flux is only dependent on the charge enclosed by the surface. Since both surfaces enclose 
the same amount of charge, the flux through both surfaces is the same. Thus the ratio is 1 : 1 1. 

9. The only contributions to the flux are from the faces perpendicular to the electric field. Over each of 
these two surfaces, the magnitude of the field is constant, so the flux is just E*A on each of these 
two surfaces. 

® =(E.A) +(E-A) =E.J 2 -E i J 2 = -> 

E V /right V /left right left 

b 0 







3. (a) 

(b) 
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gL. = (E^, - Ej £ 2 s n = (410N/C - 560 N/C) ( 25m) 2 (8.85 x 1(T 12 C 2 /n • m 2 ) = -8.3 x 10 7 C 
10. Because of the symmetry of the problem one sixth of the total flux will pass through each face. 



Notice that the side length of the cube did not enter into the calculation. 


11. The charge density can be found from Eq. 22-4, Gauss’s law. The charge is the charge density times 
the length of the rod. 



\ The electric field can be calculated by Eq. 2 1 -4a, and that can be solved for the magnitude of the 
charge. 

O Er 2 (6.25xl0 2 N/c)(3.50xl0~ 2 m) 2 

E = k^- -> Q = = 4 — — = 8.52x10 C 

r 2 k 8.988 xl0 9 N-m 2 /C 2 

This corresponds to about 5 x10 s electrons. Since the field points toward the ball, the charge must 
be negative. Thus Q - -8.52xlO~“C . 


14. The charge on the spherical conductor is uniformly distributed over the surface area of the sphere, so 
<7 = — 0—. The field at the surface of the sphere is evaluated at r = R. 


E(r = R) = 


1 Q 1 47tR 2 <7 a 


4ns 0 R 2 4 7is 0 R 2 


15. The electric field due to a long thin wire is given in Example 22-6 as E - 


2ks 0 R 


l A 12/1/ 9 2/ 2 (-7.2x10^ C/m 

(a) E = = = ( 8.988 x 10 9 N • m 2 /C 2 ) — — — - 1 = -2.6 x 10 4 N/C 

2 jt£ 0 R 4k£, R V ’ (5.0m) 1 

The negative sign indicates the electric field is pointed towards the wire . 
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(b) E = 


1 1 


1 21 


2ji£„ R 4ns„ R 


/ „ , .2 (-7.2xl0~* C/m) 

: f 8.988 x 10 9 N • nr/C 2 ) — — 

V ' 1.5m) 


-8.6 x 10 4 N/C 


The negative sign indicates the electric field is pointed [towards the wire) 


16. Because the globe is a conductor, the net charge of -1.50 mC will 
be arranged symmetrically around the sphere. 



17. Due to the spherical symmetry of the problem, the electric field can be evaluated using Gauss’s law 
and the charge enclosed by a spherical Gaussian surface of radius r. 

(£)E*g?A = E (4;zr 2 ) = E _ 1 ^nd 

7 4 ^o r- 

Since the charge densities are constant, the charge enclosed is found by multiplying the appropriate 
charge density times the volume of charge enclosed by the Gaussian sphere. Let r x = 6.0 cm and 

r 2 = 12.0 cm. 


(a) Negative charge is enclosed for r <r v 

E 1 Sene, 1 P Gf 

4 7T£ 0 r 2 4 7T£ 0 r 2 3s 0 


(-1.9xlO“N/C-m)y 


(—5.0 C/ m 3 )r 
3(8.85x10 12 C 2 /n • m 2 ) 


( b ) In the region r\<r <r 2 , all of the negative charge and part of the positive charge is 
enclosed. 

1 <2 e „ cl _ 1 P(-)(f^ 3 )+P( + )[f^(^ 3 -^)]_(P(-)-P( + ))(^) , P( + f 


E — ■ 


4 7ts 0 r 4 ns 0 


3s/- 


3 s n 


~(-5.0C/m 3 )-(8.0C/m 3 )~ 

o 

o\ 

o 

3^ 

- 

3(8.85 xl0~ 12 C 2 /n • n’ 

f)r 2 3( 

(-1.1 x 10 8 N*m 2 /c) , 

v ' i I T O 

xl0 n N/C*m)r 

2 +14- U 

r 


(8.0C/m 3 )/ 


3(8.85 xl0~ 12 C 2 / N • m 2 ) 


(c) In the region r 2 < r, all of the charge is enclosed. 


1 0™, 1 A-,(>6 3 

) + P(S 7r (‘ 

3 3 \ 

r — r 
2 r \ ) 

i 

"vT" 

3T 

+ 

m 

'T' 

$ 

i 

'T 

4 7:s a r 2 4 7:s q 

[(-5.0C/m 3 )-(8.0C/m 3 )] 

2 

r 

(0.060 m) 3 + 

3 s, 

(8.0C/m 3 ) (0.120m) 3 

2 

r 

(4.1 xlO 8 N-nf/c) 

3(8.85x10 12 C 2 /n • m 2 

V 


2 

r 
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(d) See the adjacent plot. The field is 
continuous at the edges of the layers. 

The spreadsheet used for this problem 
can be found on the Media Manager, 
with filename “PSE4_ISM_CH22.XLS,” 
on tab “Problem 22. 17d.” 



18. See Example 22-3 for a detailed discussion related to this problem. 

(a) Inside a solid metal sphere the electric field is 
(. b ) Inside a solid metal sphere the electric field is 

(c) Outside a solid metal sphere the electric field is the same as if all the charge were concentrated 
at the center as a point charge. 

i | 1 \Q\ / 9 2/ (5.50xlCT 6 C) 

£ ^ - 8.988 x 10 9 N • m7C 2 U -r 1 = 5140N/C 

4ae g r 2 (3.10m)' 

The field would point towards the center of the sphere. 

(d) Same reasoning as in part (c). 

1 |e| i 9 2/ ,,(5.50xl0^c) 

8.988 xl0 9 N-m7Cp T - L = 772 N/C 

-r7t£ 0 r 2 1 ' ’ (8.00m) 2 U 

The field would point t owards the ce nter of the sphere. 

(e) The answers would be no different for a thin metal shell. 

(/) The solid sphere of charge is dealt with in Example 22-4. We see from that Example that the 
field inside the sphere is given by |is| = Hr 7 '- Outside the sphere the field is no different. 


E =- 


4^o 7 0 


So we have these results for the solid sphere. 
\E (r = 0.250 m)| = (8.988 x 1 0 9 N • m 2 /c 2 ) 


5.50 x 10C 


(3.00m) 


( 0.250 m) = 458 N/C 


\E(r — 2. 90m) | = (8.988 x 10 9 N • m 2 /c 2 ) 

\E(r = 3.10m)| = (8.988 x 10 9 N • m 2 /€•) 

|£ ( r = 8.00 m)| = (8.988 x 10’ N • m ! /C’ ) 

All point towards the center of the sphere. 


5.50 x 10 u 
(3.00m) 3 
5.50xl0' 6 C 
(3.10 m) 2 
5.50xlQ^C 
(3.10m) 2 


(2.90m) = 5310N/C 


5 140 N/C 


772 N/C 
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19 


For points inside the nonconducting 
spheres, the electric field will be 
determined by the charge inside the 
spherical surface of radius r. 


^encl 

= 0 

( 4 3^ 

! f nr 

A 3 

-0 

[V 







The electric field for r < r 0 can be 
calculated from Gauss’s law. 


E(r < r 0 ) = 


a 


4 ns 0 r~ 



f r v 


1 


K r oJ 


\jl£,r 


AtceX 


o'o J 


The electric field outside the sphere is calculated from Gauss’s law with Q - Q. 


4 xs 0 r 4 ne 0 r 

The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH22.XLS,” on tab “Problem 22.19.” 


20 . (a) 


(b) 


When close to the sheet, we approximate it as an infinite sheet, and use the result of Example 
22-7. We assume the charge is over both surfaces of the aluminum. 

275 x 10 9 C 
. * (0- 2 5m) 2 

l£ o 2(8.85 x 10~ 12 C 2 /n -m 2 ) 


2.5 x 10 5 N/C, away from the sheet 


When far from the sheet, we approximate it as a point charge. 


E — ■ 


}_Q 

4 ns 0 r 2 


■ (8.988 xl0 9 N-m 2 /c 2 ) 


275 x IOC 
(I5mf 


1 1 N/C, away from the sheet 


21. (a) Consider a spherical gaussian surface at a radius of 3.00 cm. It encloses all of the charge. 

Q , 


^E-</A = £(4 /zt 2 ): 


E = - 


}_Q 

4 TZ£ n r 2 


= (8.988 xl0 9 N-m 2 /c 2 ) 


5.50 x 10~ 6 C 
(3.00xl0 _2 m) 2 


5.49 x 10 7 N/C, radially outward 


( b ) A radius of 6.00 cm is inside the conducting material, and so the field must be |o|. Note that 
there must be an induced charge of -5.50 x 10 6 C on the surface at r = 4.50 cm, and then an 

induced charge of 5.50 x 1 0 6 C on the outer surface of the sphere. 

(c) Consider a spherical gaussian surface at a radius of 3.00 cm. It encloses all of the charge. 

Q , 


^E-</A = £(4 ;zt 2 ): 


E = 


J_£ 

4 7T£ 0 r 2 


= (8.988 xl0 9 N-m 2 /c 2 ) 


5.50x10 C 
(30.0xl0"m) 2 


5.49 x 1 0 5 N/C , radially outward 
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22. (a) Inside the shell, the field is that of the point charge, E . 


4 7tt£ 0 r~ 


( b ) There is no field inside the conducting material: E = 0 . 

(c) Outside the shell, the field is that of the point charge, E = 


4 7rs 0 r 


(d) The shell does not affect the field due to Q alone, except in the shell material, where the field is 
0. The charge Q does affect the shell - it polarizes it. There will be an induced charge of -Q 
uniformly distributed over the inside surface of the shell, and an induced charge of +Q 
uniformly distributed over the outside surface of the shell. 

23. (a) There can be no field inside the conductor, and so there must be an induced charge of 
-8.00//C on the surface of the spherical cavity. 

( b ) Any charge on the conducting material must reside on its boundaries. If the net charge of the 
cube is -6.10//C, and there is a charge of -8.00//C on its inner surface, there must be a charge 

of +1.90//C on the outer surface. 


24. Since the charges are of opposite sign, and since the charges are free to move since they are on 
conductors, the charges will attract each other and move to the inside or facing edges of the plates. 
There will be no charge on the outside edges of the plates. And there cannot be charge in the plates 
themselves, since they are conductors. All of the charge must reside on surfaces. Due to the 
symmetry of the problem, all field lines must be perpendicular to the plates, as discussed in Example 
22-7. 

(a) To find the field between the plates, we choose a gaussian cylinder, +& -a 

perpendicular to the plates, with area A for the ends of the cylinder. We + 
place one end inside the left plate (where the field must be zero), and the 
other end between the plates. No flux passes through the curved surface 4 E betweeil 
of the cylinder. Q p. 

f _ f i f ir-^A _ f v.nx _ 2 en ci v 


= J E*r/A + 

J E.JA = J 

ends ! 

side right 

end 

a A 

cr 

— — > 

between 

^0 

G, 


The field lines between the plates leave the inside surface of the left plate, and terminate on the 
inside surface of the right plate. A similar derivation could have been done with the right end of 
the cylinder inside of the right plate, and the left end of the cylinder in the space between the 
plates. 

If we now put the cylinder from above so that the right end is +cr ~ a 

inside the conducting material, and the left end is to the left of ■* - 

the left plate, the only possible location for flux is through the 

left end of the cylinder. Note that there is NO charge enclosed E »,ts,<te 4 

by the Gaussian cylinder. ^ Cj~ ^ 

(£>E.£/A= f E-dA + f E»dA = f E-dA = Oust 
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Autsid A 


^outside 


(c) If the two plates were nonconductors, the results would not change. The charge would be 

distributed over the two plates in a different fashion, and the field inside of the plates would not 
be zero, but the charge in the empty regions of space would be the same as when the plates are 
conductors. 


Er 


-V 


e r 


E, 


E r 


25. \ Example 22-7 gives the electric field from a positively charged 

plate as E - a 12 s 0 with the field pointing away from the plate. 

The fields from the two plates will add, as shown in the figure. 

(a) Between the plates the fields are equal in magnitude, but 
point in opposite directions. 

"^between ~ „ i— ^1 

2*0 2s 0 

( b ) Outside the two plates the fields are equal in magnitude and -f-^r +q- 

point in the same direction. 

„ cr cr 

E ... -l : 

outside ^ 

2s 0 2 s 0 

(c) When the plates are conducting the charge lies on the surface of the plates. For nonconducting 
plates the same charge will be spread across the plate. This will not affect the electric field 
between or outside the two plates. It will, however, allow for a non-zero field inside each plate. 


26. Because 3.0 cm « 1.0 m, we can consider the plates to be infinite in size, and ignore any edge 
effects. We use the result from Problem 24(a). 


b-Z-21* 


-» 


Q = EAs 0 = (160 N/C) (1 .0 m) 2 (8.85 x 1(T 12 C 2 /n • m 2 ) = 


1.4x10 C 


27. (a) In the region 0 < r < r\, a gaussian surface would enclose no charge. Thus, due to the spherical 
symmetry, we have the following. 

<j)lWA = E (4/zr 2 ) = - 


^- = 0 -> £ = [o] 


( b ) In the region r x < r < r 2 , only the charge on the inner shell will be enclosed. 


Q* 


cr, Anr: 


<j)EWA = E{4nf) = ^* i ~ "'" l 


E = 


cr r 

i 


(c) In the region r 2 < r, the charge on both shells will be enclosed. 


2c, 


ct,4ot; 2 + cr,4 7tE 


^E*t/A = E [Anr 1 ) = i£encl - '''" l ' ' / '" 2 


E = 


2 , 2 

cj / ■ - 4 - rj r 


2 , 2 A 
cr,/' + a 2 r 2 - 0 


. This implies that the shells are of 


(d) To make E — 0 for r 2 < r, we must have 
opposite charge. 

(e) To make E - 0 for r x < r <r 2 , we must have c, = 0 . Or, if a charge Q = -Ana^ were placed 


at the center of the shells, that would also make E — 0. 
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28. If the radius is to increase from r 0 to 2 r 0 linearly during an elapsed time of T, then the rate of 


'i + i] 

. T) 


Since the 


increase must be r () j T . The radius as a function of time is then r - r 0 + —t - 

balloon is spherical, the field outside the balloon will have the same form as the field due to a point 
charge. 

(a) Here is the field just outside the balloon surface. 

1 0 


E - ■ 


4 ns Q r" 


1 


4 7T£ n , ( . t^ 


- 0 2 

r o 


1 + 


T) 


( b ) Since the balloon radius is always smaller than 3.2r 0 , the total charge enclosed in a gaussian 
surface at r - 3.2/' does not change in time. 

1 0 


E = - 


4ns 0 r~ 


1 


4ns, (3.2r 0 ) 


29. Due to the spherical symmetry of the problem. Gauss’s law using a sphere of radius r leads to the 
following. 


(J)iWA = E(4nr 2 ) 


-> E = 


s 0 4 ns/ 


(a) For the region 0 < r < r v the enclosed charge is 0. 
E = 


0encl | Q | 


4ns/ 


( b ) For the region /• < r < r 0 , the enclosed charge is the product of the volume charge density times 

0 


the volume of charged material enclosed. The charge density is given by p = 

30 


— r' — — it r 
3 u a 3 


4n[rl-rl) 

0e„ _ PK ncl P\j^~ T^ 3 ] 4 ^(^-^ 3 ) 


3 Q 


4^4 

f 7tr -f nr. 




E = 


4 ns/ 2 4ns/ 1 


4 ns/ 


4 ns/ 


0 1 

( ; ' 3 - ? 1 3 ) 

i 

i 

4 ns/ 2 | 

h 3 -0 3 ) 


(c) For the region r > r 0 , the enclosed charge is the total charge, Q. 

Q 


E = 


4ns/" 


30. By the supeiposition principle for electric fields (Section 21-6), we find the field for this problem by 
adding the field due to the point charge at the center to the field found in Problem 29. At any 

9 


location r > 0, the field due to the point charge is E = 


4ns / 
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(a) 


(b) 


(c) 


31 


(a) 


(b) 

(c) 


id) 

(e) 


32. (a) 


(b) 


(c) 

(d) 


E = E +E n = 

? Q 


E = E +E n =- 

<1 8 


4 7T£ 0 E 


- + 0 = 


4 7te 0 r~ 


■ + 


0 1 

l 7 ' 3 -7 1 3 ) 

1 

1 

4 7T£ 0 r 2 | 

( r o 3 - r i 3 ) 

1 

4 7T£ 0 r 2 


q + Q 


(■ r3 -*\ ) 

( ; o 3 ~ 7 ; 3 ) 


E - E +E n = 

i Q 


- + - 


0 


4 7T£ o r 2 4 7T£ 0 r 2 


q+Q 


4 7T£ 0 r~ 


Create a gaussian surface that just encloses the inner surface of the spherical shell. Since the 
electric field inside a conductor must be zero, Gauss’s law requires that the enclosed charge be 
zero. The enclosed charge is the sum of the charge at the center and charge on the inner surface 
of the conductor. 

Q -q + Q - 0 

^-•'enc 4 dinner 


-Q 


Therefore 0 = 

z-s inner 

The total charge on the conductor is the sum of the charges on the inner and outer surfaces. 

Q — Q + Q — ^ Q — Q — Q = Q Q 

A gaussian surface of radius r < /; only encloses the center charge, q. The electric field will 
therefore be the field of the single charge. 


E(r < rQ — 


Q 


4 ns a r~ 


A gaussian surface of radius r x <r < r 0 is inside the conductor so \E - 0| . 

A gaussian surface of radius r > r 0 encloses the total charge q + Q . The electric field will then 
be the field from the sum of the two charges. 


E(r > r 0 ) — 


q + Q 


4ns a r~ 


For points inside the shell, the field will be due to the point charge only. 

E ( r<r o) = 


4xs 0 E 


For points outside the shell, the field will be that of a point charge, equal to the total charge. 

E ( r > r o) ~ 


q + Q 


4ns a r~ 


If q-Q, we have E(r <r 0 ) = 
If q - -Q, we have E (r < r 0 ) = 


47T£ 0 r' 


-Q 


4 7T£ 0 r~ 


and EQ- > r 0 ) = 
and E (r > r h ) = 


20 


4 7T£ a r~ 
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33. We follow the development of Example 22-6. Because of the 
symmetry, we expect the field to be directed radially outward (no 
fringing effects near the ends of the cylinder) and to depend only on 
the perpendicular distance, R, from the symmetry axis of the shell. 

Because of the cylindrical symmetry, the field will be the same at all 
points on a gaussian surface that is a cylinder whose axis coincides 
with the axis of the shell. The gaussian surface is of radius r and 
length L E is perpendicular to this surface at all points. In order to apply Gauss’s law, we need a 
closed surface, so we include the flat ends of the cylinder. Since E is parallel to the flat ends, there 
is no flux through the ends. There is only flux through the curved wall of the gaussian cylinder. 



<j)E.t/A = E(2ttM) = 


Q 

-s^er 


aA 


E = ■ 


a A 


2 ns 0 Rl 


(a) 


( b ) 

(c) 


For R> R n , the enclosed surface area of the shell is A , — 2nRjL. 

0 ’ end 0 


E = - 


crA 


2/z s 0 RH 


a2nRjL 
2ns Jil 


aR n 


s 0 R 


radially outward 


For R < R 0 , the enclosed surface area of the shell is A end — 0, and so E — [o]. 

The field for R > R 0 due to the shell is the same as the field due to the long line of charge, if we 
substitute A = 2 n 11,(7 


34. The geometry of this problem is similar to Problem 33, and so 
we use the same development, following Example 22-6. See 
the solution of Problem 33 for details. 


j)E'dA = E(2nRl) = '- 


PeK n 


-> E = 


^0 ^0 '^0 
(a) For R > R 0 , the enclosed volume of the shell is 


Kncl = X R 0 l 


P E^encl 

2ns n Rl 


P 

E 0 , radially outward 
2 s 0 R 


PyFend 

2ns, III 



(i b ) For R < R 0 , the enclosed volume of the shell is V . = n/Pl. 


E = 


P K^encl 

2ns t M 


Pe R 


2s„ 


, radially outward 


35. The geometry of this problem is similar to Problem 33, and so we use the same development, 
following Example 22-6. See the solution of Problem 33 for details. We choose the gaussian 
cylinder to be the same length as the cylindrical shells. 

^-encl v c 1 cni 1 


<j)IWA = E (2nR£) = ■ 


-A E = - 


2 ns 0 RH 

(a) For 0 < R < R v no charge is enclosed, and so E ■ 


Q 

■s-'er 


2ns, Ri 


= 0 . 
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(. b ) For R x < R < R 2 , charge +Q is enclosed, and so E - 


2ks q M 


, radially outward 


(c) For R> R 2 , both charges of +Q and -Q are enclosed, and so E - 


2 ns,Rl 


= 0 . 


( d) The force on an electron between the cylinders points in the direction opposite to the electric 
field, and so the force is inward. The electric force produces the centripetal acceleration for the 
electron to move in the circular orbit. 


r r e Q 

F , . — eE — 

c “ np 2 nsM 


V 2 

-m — — > K=\mv~ = 
R 


eQ 


4n e q £ 


Note that this is independent of the actual value of the radius, as long as R x < R < R 2 . 


36. The geometry of this problem is similar to Problem 33, and so we use the same development, 
following Example 22-6. See the solution of Problem 33 for details. We choose the gaussian 
cylinder to be the same length as the cylindrical shells. 


j>E»clA = E(2xRt) = 


Q 

*--ei 


E = 


2 rrs n Rl 


(a) At a distance of R- 3.0cm, no charge is enclosed, and so E = 


Q 

i-'er 


2 7ts Q R(. 


■i 


( b ) At a distance of R = 7.0 cm, the charge on the inner cylinder is enclosed. 

O 2 0 / „ ,v (-0.88 x 10~ 6 c) 

^ cncl - ^ encl ^2(8.988 xl0 9 N-m-/C‘)- 


E = 


2nsjll 4 7 is q Rt 


m 


The negative sign indicates that the field points radially inward. 

(c) At a distance of R - 12.0cm, the charge on both cylinders is enclosed. 


E - - 


2 Q 

-2^er 


2n£jLl 4 k£ 0 Rt 
The field points radially outward. 


= 2(8.988 xl0 9 N-m 2 /c 2 ) 


(0.070 m) (5.0 m) 
inward, 
s is enclosed. 

(1.56-0.88) xlO~ 6 C 
(0.120m)(5.0m) 


-4.5 x 10 4 N/C 


2.0 x 10 4 N/C 


|37.| (a) The final speed can be calculated from the work-energy theorem, where the work is the integral 
of the force on the electron between the two shells. 


W = 


= | F-dP = 


1 2 [ 2 

y /77 V -y/77V 0 


Setting the force equal to the electric field times the charge on the electron, and inserting the 
electric field from Problem 36 gives the work done on the electron. 


W = 


-l. 


_ dR= je_ ln 

2 TtE-l 


R ' 2 tceJLR 


f R^ 


(-1.60 x 10~ 19 C)(-0.88//C) 
2^(8. 85 x 10~ 12 C 2 /Nm 2 )(5.0m) 


In 


^9.0cm^ 


6.5 cm 


= 1.65x10 16 J 


Solve for the velocity from the work-energy theorem. 


\2W _ /2(l.65 x 10 16 j) 


777 


9.1x10 31 kg 


1.9 x 10 7 m/s 
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(. b ) The electric force on the proton provides its centripetal acceleration. 


F =■ 


mv 


R 


qE 


qQ 


2ns JR 


The velocity can be solved for from the centripetal acceleration. 

i 


V = 


(l.60xKT 19 C)(0.88//C) 


2/r(8.85 x 1(T 12 C 2 /Nm 2 )(l.67 x 10" 27 kg)(5.0 m) 


5.5 x KTm/s 


Note that as long as the proton is between the two cylinders, the velocity is independent of the 
radius. 


38. The geometry of this problem is similar to Problem 33, and 
so we use the same development, following Example 22-6. 
See the solution of Problem 33 for details. 

end . 77 Qeac\ 


<j)E*r/A = E(2nRl) - ■ 


-> E - ■ 


2ns, Ri 


(a) 


^0 0 

For 0 < R < R t , the enclosed charge is the volume of 
charge enclosed, times the charge density. 

, cl P x rzR l l 


E = 


2 ns 0 Rl 


2ns,Rl 


Pe R 


2s „ 



( b ) For If <R<R 2 , the enclosed charge is all of the charge on the inner cylinder. 

AM 2 £ 


E = - 


2 ns Jit 


2ns 0 Rl 


Pe R \ 


2s, R 


(c) For R , < R < R } , the enclosed charge is all of the charge on the inner cylinder, and the part of 
the charge on the shell that is enclosed by the gaussian cylinder. 

E Send _ P E xR^ + P E (nR 2 e-nR;t) 

2ns RU 2ns 0 Rl 

(i d) For R> R 3 , the enclosed charge is all of the charge on both the inner cylinder and the shell. 

E g encl Pe* r ^+Pe{xKi-xR, 

2ns JU 2 ns Q Rl 

( e ) See the graph. The spreadsheet used for 
this problem can be found on the Media 
Manager, with filename 
“PSE41SM CH22.XFS,” on tab 
“Problem 22.38e.” 



Pe{R" + r I-K) 


2 s 0 R 



Pe ( r ;+ r2 - r ;) 

2s 0 r 
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39. Due to the spherical symmetry of the geometry, we have the following to find the electric field at any 
radius r. The field will point either radially out or radially in. 


^IWA = £(4;rr 2 ): 


Q 

-s^er 


-> E = 


Q 


£ o 4 ^o r 


(a) For 0 < r < r 0 , the enclosed charge is due to the part of the charged sphere that has a radius 
smaller than r. 

_p\\nr) 


E = 


Q 

-s^er 


47T£ 0 r 


4 ns/ 


AT 




(b) For r 0 < r < r v the enclosed charge is due to the entire charged sphere of radius 

_Pe{^ 7CT [ o) ATo 


E = 


Q 

•^er 


4 K£ Q E 


4ns/" 


3£ o r 


(c) For r { <r <r 2 , r is in the interior of the conducting spherical shell, and so E — [o]. This implies 
that Q cncl - 0, and so there must be an induced charge of magnitude — f /?, ki;{ on the inner 
surface of the conducting shell, at r y 

(d) For r > r 2 , the enclosed charge is the total charge of both the sphere and the shell. 

Q + Pv { \ n, j ) 


E = 


Q 

Z~-£X 


4 7T£ 0 r 


4 K£/~ 


Q , + pE r 0 


.3 \ 


v 4^ 0 


3e, 


0 J 


40. The conducting outer tube is uncharged, and the electric field is 0 everywhere within the conducting 
material. Because there will be no electric field inside the conducting material of the outer cylinder 
tube, the charge on the inner nonconducting cylinder will induce an oppositely signed, equal 
magnitude charge on the inner surface of the conducting tube. This charge will NOT be uniformly 
distributed, because the inner cylinder is not in the center of the tube. Since the conducting tube has 
no net charge, there will be an induced charge on the OUTER surface of the conducting tube, equal 
in magnitude to the charge on the inner cylinder, and of the same sign. This charge will be 
uniformly distributed. Since there is no electric field in the conducting material of the tube, there is 
no way for the charges in the region interior to the tube to influence the charge distribution on the 
outer surface. Thus the field outside the tube is due to a cylindrically symmetric distribution of 
charge. Application of Gauss’s law as in Example 22-6, for a Gaussian cylinder with a radius larger 

than the conducting tube, and a length £ leads to E {2k R t) — ^ >c " cl . The enclosed charge is the 

amount of charge on the inner cylinder. 

Send 


Send =/V^ “> E = 


£ 0 ( 2 kRI) 


Pe r ; 


2£ 0 R 


41. We treat the source charge as a disk of positive charge of radius concentric with a disk of negative 
charge of radius R 0 . In order for the net charge of the inner space to be 0, the charge per unit area of 

the source disks must both have the same magnitude but opposite sign. The field due to the annulus 
is then the sum of the fields due to both the positive and negative rings. 
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(a) At a distance of 0.25 If from the center of the ring, we can approximate both of the disks as 
infinite planes, each producing a uniform field. Since those two uniform fields will be of the 
same magnitude and opposite sign, the net field is §. 

( b ) At a distance of 75 A 0 from the center of the ring, it appears to be approximately a point charge, 

and so the field will approximate that of a point charge, E - 

42. The conducting sphere is uncharged, and the electric field is 0 everywhere within its interior, except 
for in the cavities. When charge Q t is placed in the first cavity, a charge -Q t will be drawn from the 
conducting material to the inner surface of the cavity, and the electric field will remain 0 in the 
conductor. That charge —Q ] will NOT be distributed symmetrically on the cavity surface. Since the 

conductor is neutral, a compensating charge Q { will appear on the outer surface of the conductor 
(charge can only be on the surfaces of conductors in electrostatics). Likewise, when charge Q , is 
placed in the second cavity, a charge -Q 2 will be drawn from the conducting material, and a 
compensating charge Q 2 will appear on the outer surface. Since there is no electric field in the 

conducting material, there is no way for the charges in the cavities to influence the charge 
distribution on the outer surface. So the distribution of charge on the outer surface is uniform, just as 
it would be if there were no inner charges, and instead a charge Q t + Q , were simply placed on the 
conductor. Thus the field outside the conductor is due to a spherically symmetric distribution of 

Q t + Q, . Application of Gauss’s law leads to E - . If Q x + Q, > 0, the field will point 

Ajts q r 

radially outward. If Q t +Q 2 < 0, the field will point radially inward. 



43. (a) Choose a cylindrical gaussian surface with the flat ends parallel to and equidistant from the 

slab. By symmetry the electric field must point perpendicularly away from the slab, resulting 
in no flux passing through the curved part of the gaussian cylinder. By symmetry the flux 
through each end of the cylinder must be equal with the electric field constant across the 

surface. (j)E ■ dA - 2EA 

The charge enclosed by the surface is the charge density of the slab multiplied by the volume of 
the slab enclosed by the surface. 

<!«*= Pe( a ^) 

Gauss’s law can then be solved for the electric field. 

Pe M 
£ o 

Note that this electric field is independent of the distance from the slab. 

( b ) When the coordinate system of this problem is changed to axes parallel (z) and perpendicular 

(r ) to the slab, it can easily be seen that the particle will hit the slab if the initial perpendicular 
velocity is sufficient for the particle to reach the slab before the acceleration decreases its 
velocity to zero. In the new coordinate system the axes are rotated by 45°. 


C)E-dA — 2EA — 



= y 0 cos45°P + y 0 sin45°z = + ^j=z 
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v 0 = -v sin45°r + v 0 cos45°z = -~j= r + -y^z 

V 2 V2 

a - qE / inr 

The perpendicular components are then inserted into Eq. 2- 12c, with the final velocity equal to 


2 my2s 0 )\yl2 ) 

Solving for the velocity gives the minimum speed that the particle can have to reach the slab. 

.. ^ V2 qp E dy 0 


44. Due to the spherical symmetry of the problem, Gauss’s law using a sphere of radius r leads to the 
following. 

<f)E»t/A = E[\nr 2 ) = OssL £ = ^ enc ‘ 

(a) For the region 0 < r < r v the enclosed charge is 0. 

Z 7 ^encl y 

_ 4^ 0 r 2 _ ^ 

(/?) For the region r x <r < r 0 , the enclosed charge is the product of the volume charge density times 

r 

the volume of charged material enclosed. The charge density is given by p - p () — . We must 

r 

integrate to find the total charge. We follow the procedure given in Example 22-5. We divide 
the sphere up into concentric thin shells of thickness dr, as shown in Fig. 22-14. We then 
integrate to find the charge. 

r r 

£?e„ cl = { pE dV = l Po ^ ^ ^ = Am \Po\ r ' dr ' = lm \P* ( ? ' 2 - K ) 



(c) For the region r > r 0 , the enclosed charge is the total charge, found by integration in a similar 
fashion to part ( b ). 
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(d) 


See the attached graph. We 
have chosen t\ = \r Q . Let 





The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_1SM_CH22.XLS,” on tab 
“Problem 22.44d.” 



45. (a) The force felt by one plate will be the charge on that plate multiplied by the electric field caused 
by the other plate. The field due to one plate is found in Example 22-7. Let the positive plate 
be on the left, and the negative plate on the right. We find the force on the negative plate due to 
the positive plate. 


F = q E = ( a A )E = ( a A ) 

on on due to \ b b / a \ b b / — 

plate plate plate 


ib) 


(-15 x 1CT 6 C/ m 2 )(l.0m 2 )(-15 x 1(T 6 C/m 2 ) 

2 (8.85 x 10~ 12 C 2 /Nm 2 ) ~ 12.71 N 


13N, towards the other plate 


Since the field due to either plate is constant, the force on the other plate is constant, and then 
the work is just the force times the distance. Since the plates are oppositely charged, they will 
attract, and so a force equal to and opposite the force above will be required to separate them. 
The force will be in the same direction as the displacement of the plates. 


W = F«Ax = (12.71N)(cos0°)(5.0 x 10 _3 m) 


0.064 J 


46. 


Because the slab is very large, and we are considering only distances from the slab much less than its 
height or breadth, the symmetry of the slab results in the field being perpendicular to the slab, with a 
constant magnitude for a constant distance from the center. We assume that p E > 0 and so the 


electric field points away from the center of the slab. 

(a) To determine the field inside the slab, choose a cylindrical 
gaussian surface, of length 2 x <d and cross-sectional area A. 
Place it so that it is centered in the slab. There will be no flux 
through the curved wall of the cylinder. The electric field is 
parallel to the surface area vector on both ends, and is the 
same magnitude on both ends. Apply Gauss’s law to find the 
electric field at a distance x<\d from the center of the slab. 



1 

I 


_kTT| 

a. 

E 

\) ! 1 

(T 

E 



See the first diagram. 


() E*c/A = | E*c/A + | E*c/A = J E»c/A + 0 = 


2 EA = 


p (2 xAl) 


E .. = 

inside 


px 


x < \d 
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( b ) Use a similar arrangement to 

determine the field outside the slab. 
Now let 2x > d. See the second 
diagram. 

^encl . 


( ) E'dA — | E*t/A : 


2E4 = ^N _ 


E = ; Ixl > 7;d 

outside ~ "II 2 
2&\ 



Notice that electric field is continuous at the boundary of the slab. 


47. (a) In Problem 46, it is shown that the field outside a flat slab of nonconducting material with a 

pd 


(b) 


uniform charge density is given by E - 


2 £ n 


If the charge density is positive, the field points 


away from the slab, and if the charge density is negative, the field points towards the slab. So 
for this problem’s configuration, the field outside of both half-slabs is the vector sum of the 
fields from each half-slab. Since those fields are equal in magnitude and opposite in direction, 
the field outside the slab is §. 

To find the field in the positively charged half-slab, we use a 
cylindrical gaussian surface of cross sectional area A. Place it so that 
its left end is in the positively charged half-slab, a distance x > 0 from 
the center of the slab. Its right end is external to the slab. Due to the 
symmetry of the configuration, there will be no flux through the 
curved wall of the cylinder. The electric field is parallel to the surface 
area vector on the left end, and is 0 on the right end. We assume that 
the electric field is pointing to the left. Apply Gauss’s law to find the 
electric field a distance 0 < x < d from the center of the slab. See the diagram. 

."id . 



+ Po 



f\ 


r 

◄ — 

— b- 1 



E 

\ J 


L 







E = 


OE'cfA = | iWA + | E*rfA = | EWA + 0 = 


left 

end 


EA = 


Po(d -x)A 


-> £ „ = 


A 


(d - x) 


Since the field is pointing to the left, we can express this as 


pS d ~ x ), 


() E*c/A = | E*c/A + | E’dA - J E*c/A + 0 = ■ 


(c) To find the field in the negatively charged half-slab, we use a cylindrical gaussian surface of 
cross sectional area A. Place it so that its right end is in the negatively 
charged half-slab, a distance x < 0 from the center of the slab. Its left 
end is external to the slab. Due to the symmetry of the configuration, 
there will be no flux through the curved wall of the cylinder. The 
electric field is parallel to the surface area vector on the left end, and 
is 0 on the right end. We assume that the electric field is pointing to 
the right. Apply Gauss’s law to find the electric field at a distance 
-d < x < 0 from the center of the slab. See the diagram. 

Qenc\ . 



right 

end 
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EA- 


-p 0 (d + x)A 


~Po(d +*) 


Since the field is pointing to the left, we can express this as 


P 0 (d + x) t 


Notice that the field is continuous at all boundaries. At the left edge (x = -d ) , E x<0 = A oiitside . At 
the center (x = 0) , E x<0 = E >0 . And at the right edge (x = d), E x>0 = £ outside . 


48. We follow the development of Example 22-6. Because of the 
symmetry, we expect the field to be directed radially outward 
(no fringing effects near the ends of the cylinder) and to depend 
only on the perpendicular distance, R, from the symmetry axis 
of the cylinder. Because of the cylindrical symmetry, the field 
will be the same at all points on a gaussian surface that is a 
cylinder whose axis coincides with the axis of the cylinder. 

The gaussian surface is of radius r and length L E is perpendicular to this surface at all points. In 
order to apply Gauss’s law, we need a closed surface, so we include the flat ends of the cylinder. 
Since E is parallel to the flat ends, there is no flux through the ends. There is only flux through the 
curved wall of the gaussian cylinder. 

^encl v r Qenc\ 



j)E-dA = E(2xRl)=- 


S E = - 


2 ns n Ri 


To find the field inside the cylinder, we must find the charge enclosed in the gaussian cylinder. We 
divide the gaussian cylinder up into coaxial thin cylindrical shells of length l and thic kn ess dR. That 
shell has volume dV = 2nRidR. The total charge in the gaussian cylinder is found by integration. 


R<R 0 : Q ma ^\p E dV = \p}^ 2n Rl d R = ^\ R> dR = 

o o V A> J A) o 


2np { jL 


npJlR 4 

it. 


E = 


Q a 


2ns 0 RH 


mpt_ 

2 7T£ Q Rl 
2 npJL 1 


pX 


As 0 R- 


, radially out 


Send = j pE dV = -jg- j dR = 




E = 


a , 


2 ns,Rl 




2 tts q RI 


pX 


4s 0 R 


, radially out 


49.| The symmetry of the charge distribution allows the electric field inside the 
sphere to be calculated using Gauss’s law with a concentric gaussian 
sphere of radius r < r Q . The enclosed charge will be found by integrating 
the charge density over the enclosed volume. 


Q a *=\p*dV = \' Q p 0 


Anr^dr = 


p 0 nr 


r o / 


The enclosed charge can be written in terms of the total charge by setting 
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r = r 0 and solving for the charge density in terms of the total charge. 


e = — = W -> -» &J.r) = — = Q 


f r Y 


V r o ) 


The electric field is then found from Gauss’s law 


() E • dA ■ 


Qa 


E (4 nr 1 ) : 


nf V 

Q_ 


-> E = 


Q r 2 


4ne 0 f 0 


The electric field points Radially outward) since the charge distribution is positive. 


50. 


By Gauss’s law, the total flux through the cylinder is Q/ £ 0 . We find 

the flux through the ends of the cylinder, and then subtract that from 
the total flux to find the flux through the curved sides. The electric 
field is that of a point charge. On the ends of the cylinder, that field 
will vary in both magnitude and direction. Thus we must do a 
detailed integration to find the flux through the ends of the cylinder. 
Divide the ends into a series of concentric circular rings, of radius R 
and thickness dR. Each ring will have an area of 2nRdR. The angle 

between E and dA is 9, where tan 9 — R/R 0 . See the diagram of the 
left half of the cylinder. 

® lcft = [e-i/A= [ ^cos6{2jzR)dR 

end J ' 4xs 0 r 



The flux integral has three variables: r, R, and 9. We express r and 9 in terms of R in order to 
integrate. The anti-derivative is found in Appendix B-4. 


R 

R 2 + R 2 ; cos 9 - — - 


R , , 




r’ + r; 


0 = 

left 


1 


4m, (R' +R’,) Jr 2 + It; 


R • (2 *R)JR = ESE 

4 ne n 


RdR 


(r 2 +r I) 


QKo 

2 s n 


1 

Q 

r 1 1 


• O = 20 = — 

> ^both 

ends end £ q 

i l > 

l 

1 


2£ n 


O = — = O +0 

total sides both 


Q Q Q 

— > o = — — O — — — — 

sides both 


1- 


V2_ 


s [2.£ 



^r 2 +K 


5 1 . The gravitational field a distance r from a point mass M is given by Eq. 6-8, g = -—^r, where f 


is a unit vector pointing radially outward from mass M. Compare this to the electric field of a point 


charge, E = 


1 g 

4k£ 0 r 2 


r. To change the electric field to the gravitational field, we would make these 


changes: E — »■ g ; (Q / £ tl -A/iGM . Make these substitutions in Gauss’s law. 

^)E-JA = ^!!£L _ 


(D g • dA = -47rGM ( 
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52. ( a ) We use Gauss’s law for a spherically symmetric charge distribution, and assume that all the 

charge is on the surface of the Earth. Note that the field is pointing radially inward, and so the 
dot product introduces a negative sign. 

ij) E • dA — -E [\nr 2 ) = g encl /s 0 -> 


2 e „ cl = - 4 ™0 ER L h = ■ 


(150N/C)(6.38xl0 6 m) 


= -6.793 xl0 5 C« -6.8 xl0 5 C 


1 — _ . / . \ — U. / A ~ 

(8.988 xl0 9 N-m-/C-) 

( b ) Find the surface density of electrons. Let n be the total number of electrons. 


Q ne 

cr = — = 

A A 


n Q -4ns 0 ER; Mh s 0 E (8.85 x 1(T 12 C 2 /N.m 2 )(l50N/C) 
A eA e(4xR 2 Emh ) e (l.60 x 10' 19 C) 

= 8.3 x 10 9 electrons/m 2 


53. The electric field is strictly in the y direction. So, referencing the diagram, there is no 
flux through the top, bottom, front, or back faces of the cube. Only the “left” and » 
“right” faces will have flux through them. And since the flux is only dependent 
on they coordinate, the flux through each of those two faces is particularly 
simple. Calculate the flux and use Gauss’s law to find the enclosed charge. k: 

O = <j)E-</A= J E-</A+ J E-dA 


| b\-[~\dA^+ J [al + b) j \\dA^ - -bi 2 + at +bi 2 


= a ? = 0e n ci/^o 


= \s n aH i 


54. (a) Find the value of b by integrating the charge density over the entire sphere. Follow the 
development given in Example 22-5. 

Q = | p E dV = J ° br (4 nr 2 dr'} - 4nb r 0 4 ) — > b = 

(b) To find the electric field inside the sphere, we apply Gauss’s law to an imaginary sphere of 
radius r, calculating the charge enclosed by that sphere. The spherical symmetry allows us to 
evaluate the flux integral simply. 

O = (j) E • dA. — Qssi ; Q=fp £ dV =[' -Q-r(4xr 2 dr) = £L- 

J ^0 ° ^0 r 0 

E = 

( c ) As discussed in Example 22-4, the field outside a spherically symmetric distribution of charge 
is the same as that for a point charge of the same magnitude located at the center of the sphere. 
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55. The flux through a gaussian surface depends only on the charge enclosed by the surface. For both of 
these spheres the two point charges are enclosed within the sphere. Therefore the flux is the same 
for both spheres. 

(9.20 x 10 9 C) + (-5.00 x 10 9 C) 


0 =■ 


1.85 x 1(T 12 C 2 /N*m 2 


475N-mVC 


+235N-nr/C 


56. (a) The flux through any closed surface containing the total charge must be the same, so the flux 
through the larger sphere is the same as the flux through the smaller sphere, 

(. b ) Use Gauss’s law to determine the enclosed charge. 

: 1 c 


0 = ■ 


-» 


Q mci = £- o 0 = (8.85 xl(T 12 C 2 /N-m 2 )(+235N-m 2 /c) 


2.08x10 C 


57. (a) There is no charge enclosed within the sphere, and so no flux lines can 
originate or terminate inside the sphere. All field lines enter and leave 
the sphere. Thus the net flux is [§. 

(. b ) The maximum electric field will be at the point on the sphere closest 
to Q , which is the top of the sphere. The minimum electric field will be 
at the point on the sphere farthest from Q, which is the bottom of the 
sphere. 


(c) 


id) 


E = 


1 

0 

1 

0 


4/rs 0 

2 

r 

closest 

0 

& 

1 

(i r o) 2 

r o 


E . =■ 


4 ^0 ^farthest 


4 ^o (f r 0 ) 2 


1 2 


25^o r o 


Thus the range of values is 


IQ IQ 

— <E „ < — 

2 sphere 0 c 2 

TCSr, Vr. surface 2-jTTSr, K. 



E is [not perpendicular] at all points. It is only perpendicular at the two points already 
discussed: the point on the sphere closest to the point charge, and the point on the sphere 
farthest from the point charge. 

The electric fie ld is not pe rpendicular or constant over the surface of the sphere. Therefore 
Gauss’s law is not useful for obtaining E at the surface of the sphere because a gaussian surface 
cannot be chosen that simplifies the flux integral. 


58. The force on a sheet is the charge on the sheet times the average 
electric field due to the other sheets: But the fields due to the 
“other” sheets is uniform, so the field is the same over the entire 
sheet. The force per unit area is then the charge per unit area, times 
the field due to the other sheets. 

F - q E - q E — > 

on J- on other -* on other 

sheet sheet sheets sheet sheets 


( 

A , 


f n\ 


A) 


other 

sheets 



sheet 


E 


other 

sheets 



M+) 

CT m(+) 
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The uniform fields from each of the three sheets are indicated on the diagram. Take the positive 
direction as upwards. We take the direction from the diagram, and so use the absolute value of each 
charge density. The electric field magnitude due to each sheet is given by E - c/2s 0 . 


\ A J l 


\AJ { 


' F y 

\ d )[ 


= *1 { E m ~ E u ) = | - hi |) = 


6.5 x 10 9 C m 2 


2 e n 


2(8.85xl0 _12 C 2 /N-m 2 ) 


1.1 x 10~ 6 N/m 2 (up) 


= <r n (E m -E l ) = ^(|a m | - |cr, I) = 


2 s n 


-2.0 x 10’ 9 C/m 2 
2(8.85 x 10~ 12 C 2 /N-m 2 ) 


[(5.0 - 2.0) x 10” C/m 2 ] 


[(5.0 - 6.5) x 10” C/ m 2 J 


1.7 x 10” N/m 2 (up) 


= ( E m ~ E , ) = | - |cr, |) = 


2 £ n 


5.0x10” C/m 2 
2(8.85 xlO” 2 C 2 /N-m 2 ) 


[(2.0 - 6.5) x 10” C/ m 2 ] 


-1.3x10 6 N/m 2 (down) 


59. (a) The net charge inside a sphere of radius a 0 will be made of two parts - the positive point charge 

at the center of the sphere, and some fraction of the total negative charge, since the negative 
charge is distributed over all space, as described by the charge density. To evaluate the portion 
of the negative charge inside the sphere, we must determine the coefficients. We do that by 
integrating the charge density over all space, in the manner of Example 22-5. Use an integral 
from Appendix B-5. 

00 00 

-e - J p E dV = | (-Se -2 ^" 0 )(4/zrVr) = -4nAj e^ a °r 2 dr - -4nA- 


(2/«o) 


3 — — 71 Aa^ — y 


A = ■ 


na n 


Now we find the negative charge inside the sphere of radius a 0 , using an integral from 
Appendix B-4. We are indicating the elementary charge by (e), so as to not confuse it with the 
base of the natural logarithms. 

4 n(e) ' 


0ne g = j {~ Ae 2r/,a °)(4 nr 2 dr} ^ J e 2r/a °r 2 dr 


4 n{e) 


n a n 


~ 2 7 a » 


( 2 /« 0 ) 3 _ 


(2/ a 0 ) 2 r 2 + 2 (2/a 0 ) r + 2 ] i =(e) [_5e~ 2 - l] 


: 0neg + 0pos = (e)[5e~ 2 - 1] + (e) = (e)5W 2 = (l.6 x 10~ 19 c)5<f 2 = 1.083 x 10 19 C 


1.1x10 C 


( b ) The field at a distance r = a 0 is that of a point charge of magnitude Q na at the origin, because of 
the spherical symmetry and Gauss’s law. 


E = 


1 Q 

^en 

4ns n r 2 


1 Q , 

^-net 

4ns a a ; 2 


(8.988 xl0 9 N-m 2 /c 2 ) 


(l .083 x 10” 9 c) 
(0.53xl0”°m) 2 


3.5xl0“N/C 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

60 










Chapter 22 


Gauss ’s Law 


60. The field due to the plane is E ]ane = , as discussed in Example 22-7. Because the slab is very 

2 f o 

large, and we assume that we are considering only distances from the slab much less than its height 

or breadth, the symmetry of the slab results in its field being perpendicular to the slab, with a 

constant magnitude for a constant distance from its center. We also assume that /? E > 0 and so the 

electric field of the slab points away from the center of the slab. 

(a) To determine the field to the left of the plane, we 
choose a cylindrical gaussian surface, of 
length x > d and cross-sectional area A. Place it so 
that the plane is centered inside the cylinder. See 
the diagram. There will be no flux through the 
curved wall of the cylinder. From the symmetry, 
the electric field is parallel to the surface area 
vector on both ends. We already know that the 
field due to the plane is the same on both ends, and by the symmetry of the problem, the field 
due to the slab must also be the same on both ends. Thus the total field is the same magnitude 
on both ends. 

j)E'dA= J E'dA+ J E*dA = J E>dA + 0 = ^- -> 2E mk A = aA + P* dA 

ends side ends ^0 ^0 

^outside — 

of plane 

( b ) As argued above, the field is symmetric on the outside of the charged matter. 

E. u 

right 
of plane 

(c) To determine the field inside the slab, we choose a cylindrical 
gaussian surface of cross-sectional area A with one face to the 
left of the plane, and the other face inside the slab, a distance x 
from the plane. Due to symmetry, the field again is parallel 
to the surface area vector on both ends, has a constant 
value on each end, and no flux pierces the curved walls. 

Apply Gauss’s law. 

(£>E.flA= ffWA+ f E*c/A + [E’dA-E t .,A + E. ..A 

T J J J outside inside 

left right side 

end end 
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|61. Consider this sphere as a combination of two spheres. Sphere 1 is a solid sphere of radius r 0 and 
charge density p E centered at A and sphere 2 is a second sphere of radius r 0 / 2 and density -p E 
centered at C. 

(a) The electric field at A will have zero contribution from sphere 1 due to its symmetry about point 
A. The electric field is then calculated by creating a gaussian surface centered at point C with 


radius r 0 /2. 


(j)E-i/A = -^ £-4/z-(ir 0 ) 2 = 

c 


2 _ 


E = - 


/Vo 


6 s n 


Since the electric field points into the gaussian surface (negative) the electric field at point A 


points to the right) 


(/;) At point B the electric field will be the sum of the electric fields from each sphere. The electric 
field from sphere 1 is calculated using a gaussian surface of radius r 0 centered at A. 


(j)E, • dA 




E, ■ 4ttk = 




(Pe) 


Pn r o 

£ 0 £ g 3£ g 


-> E, = 


At point B the field from sphere 1 points toward the left. The electric field from sphere 2 is 
calculated using a gaussian surface centered at C of radius 3r g /2. 


<S>E 2 -dA = ^- -> E 2 -4n{^r 0 f = 


2 (~p E )u(i r 0 y 


-> E=- 


P E^O 

£ 0 ^0 54£ 0 
At point B, the electric field from sph ere 2 points towar d the right. The net electric field is the 
sum of these two fields. The net field points to the left. 


E = E l + E, + 

‘ 3e n 54£ n 


1 7 p E f 0 


54e n 


62. We assume the charge is uniformly distributed, and so the field of the pea is that of a point charge. 

i Q ' 


E(r = R) = 


4 7t£ n R~ 


Q = E4k£ q R 2 = (3 x 10 6 N/C)4^(8.85 x 1(T 12 C 2 /N-m 2 )(0.00375m) 2 = 


5x10 9 C 


E, 


E, 


63. (a) In an electrostatic situation, there is no electric field inside a a 
conductor. Thus E = fo] inside the conductor. 

(. b ) The positive sheet produces an electric field, external to 
itself, directed away from the plate with a magnitude as 

1(7, 1 

given in Example 22-7, of E { = - — 1 . The negative sheet 

2£'o 

produces an electric field, external to itself, directed towards 

the plate with a magnitude of E 2 = . Between the left 

2^0 

and middle sheets, those two fields are parallel and so add to each other. 

Icr, I + | cr, | 2(5.00 xlO~ 6 C/m 2 ) 


"5 


E, 


E, 


O’, 


left 

middle 


- E l + E 2 - 


2e,, 


2 (8.85 x 10~ 12 C 2 /N-m 2 ) 


5.65 x 1 0 5 N/C , to the right 
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(c) The same field is between the middle and right sheets. See the diagram. 

^middle = 5-65 x 10 5 N/C , to the right 

right 

(d) To find the charge density on the surface of the left side of the middle sheet, choose a gaussian 
cylinder with ends of area A. Let one end be inside the conducting sheet, where there is no 
electric field, and the other end be in the area between the left and middle sheets. Apply 
Gauss’s law in the manner of Example 22-16. Note that there is no flux through the curved 
sides of the cylinder, and there is no flux through the right end since it is in conducting material. 
Also note that the field through the left end is in the opposite direction as the area vector of the 
left end. 

<|> E’dA = | E*c/A + | IWA + | E*c/A = -£ lelt ^4 + 0 + 0 = ^ = -^*- 

left right side middle £ 0 £ 0 

end end 

^left = "AAefi =-*o , 2 = [-5.00 xlO^c/m- 

middle y Z.Oq J 

( e ) Because the middle conducting sheet has no net charge, the charge density on the right side 
must be the opposite of the charge density on the left side. 

^ngh, = -<Teft = I^.OO x 1(T 6 c/nf~ 

Alternatively, we could have applied Gauss’s law on the right side in the same manner that we 
did on the left side. The same answer would result. 


64. Because the electric field has only x and y components, there will be no flux 
through the top or bottom surfaces. For the other faces, we choose a 
horizontal strip of height dz and width a for a differential element and 
integrate to find the flux. The total flux is used to determine the enclosed 
charge. 

®fro n , =|e*c/A = J E 0 fl + —1 i + E 0 f — 1 j •(adzi) 

(*=«) oLv aj \aj J 



r Z Z 2 

■E 0 a I l-i — dz = E 0 a z- 1 =^E 0 a~ 

{ v a J 2a 


z ■ z ■ / 
E 0 1 + — i + E 0 — j 


f z G [ z |« / r( z I z~ 

= 1 E 0 l-i — i + E 0 — j »l adz) 1 = E 0 a I — dz - E 0 a — =jj 
i \ a J \a ) „ v a ) l 2a n 


z - z U i 
E 0 1 + - i + E 0 - j \-adz)) 


, + ® h . +O hf + 0 lfl + 0, +O htt = \E a 1 — \E n a 2 +\E a 2 -\E a 2 =0 + 0 

total front back right left top bottom 20 20 20 20 
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65. (a) Because the shell is a conductor, there is no electric field in the conducting material, and all 

charge must reside on its surfaces. All of the field lines that originate from the point charge at 
the center must terminate on the inner surface of the shell. Therefore the inner surface must 
have an equal but opposite charge to the point charge at the center. Since the conductor has the 
same magnitude of charge as the point charge at the center, all of the charge on the conductor is 
on the inner surface of the shell , in a spherically symmetric distribution. 

( b ) By Gauss’s law and the spherical symmetry of the problem, the electric field can be calculated 

i Q e 


by E = 


^encl 


4 7T£ Q r 


r < 0.10 m: E - 


1 Q 

4 7ts a r~ 


)(3.0 x 10 6 C) 

1 

2.7 x 10 4 N • m 2 /c 


2 

r 


r > 0.15 m: E - \ 

And since there is no electric field in the shell, we could express the second answer as 
r> 0.10m: E = \o\. 


66. (a) At a strip such as is marked in the textbook diagram, dA is perpendicular to the surface, and E 
is inclined at an angle 6 relative to dA . 


®, . . =[e*i/A= f Ecosd(27tR 2 sinOdO) 

hemisphere J J V / 

0 

n 12 

-2 7iR 2 E j cos^sintW# = 2ttR 2 E ff'j -tzRpE 


( b ) Choose a closed gaussian surface consisting of the hemisphere and the circle of radius R at the 
base of the hemisphere. There is no charge inside that closed gaussian surface, and so the total 
flux through the two surfaces (hemisphere and base) must be zero. The field lines are all 
perpendicular to the circle, and all of the same magnitude, and so that flux is very easy to 
calculate. 

-.2 


® circlc = J E»dA = | E (cosl80°)rfA = -EA = - EttR 2 


0> 


0 = 0 + o 

circle hemisphere 


-EttR + O 


hemisphere 


O 


hemisphere 


nfCE 


O 


= [ 

front J 

( x=a ) 0 


E ,o e 


i + E ,e 

y o 




'tidy i = aE x() j c 


dy 


67. The flux is the sum of six integrals, each of the form jj E*c/A. Because 

the electric field has only x and y components, there will be no flux 
through the top or bottom surfaces. For the other faces, we choose a 
vertical strip of height a and width dy (for the front and back faces) or dx 
(for the left and right faces). See the diagram for an illustration of a strip 
on the front face. The total flux is then calculated, and used to determine X / dy 
the enclosed charge. 


y 


This integral does not have an analytic anti-derivative, and so must be integrated numerically. We 


a a+y „ a+y, 

approximate the integral by a sum: j e “ dy ~ “ Ay. The region of integration is divided 
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into n elements, and so Ay = — — — and y. = /Ay. We initially evaluate the sum for n = 1 0. Then we 

« 

evaluate it for n = 20. If the two sums differ by no more than 2%, we take that as the value of the 
integral. If they differ by more than 2%, we choose a larger n, compute the sum, and compare that to 
the result for n = 20. We continue until a difference of 2% or less is reached. This integral, for n = 
100 and a = 1.0 m, is 0.1335 m. So we have this intermediate result. 


0 front = «Ao iy ■' Ay = (l.0m)(50N/C)(0. 1335 m) = 6.675N.m 2 /C 

{x=a) i = 1 

Now do the integral over the back face. 

„( f vj-.A 2 V 




back 

M) 


1 


E,,y 


i+E yO e 


'(-ady i) = -aE x0 \e " dy 


We again get an integral that cannot be evaluated analytically. A similar process to that used for the 

a jVf „ TaY 

front face is applied again, and so we make this approximation: -aE z0 [ e " dy ~ ~aE x0 2> Ay. 

0 * =1 

The numeric integration gives a value of 0.7405 m. 


®back = ~ aE x0 Ay = - (1.0 m) (50 N/C) (0.7405 m) = -37.025 N.m 2 /c. 


{x=ti) 

Now consider the right side. 




right 

G=°) 


u 


E x 0 g 


x+y 


i + E y0 e 


x+y 


2 \ 


J 


•a dx j = aE v0 ^ 


x+a ) 

e a ' dx 


Notice that the same integral needs to be evaluated as for the front side. All that has changed is the 
variable name. Thus we have the following. 


a ( x+a 


0 

right 

(y=a) 


aE v0 \e [ a dx ~ (l.0m)(25N/C)(0.1335m) = 3.3375N*m 2 /c 


Finally, do the left side, following the same process. The same integral arises as for the back face. 

„ f / rx .,V V 




left 

(v=0) 


■I 


E xO e 


i + E n e 

v0 


<(-adx j) = -aE vQ [ e a dx 


~ - (l.Om) (25 N/C) (0.7405 m) = -18.5125N-m 2 /c 
Sum to find the total flux, and multiply by s 0 to find the enclosed charge. 


O 


1 0 front + 0 baek + 0 right + 0 left + ^top + 0 bottom 


= (6.675 - 37.025 + 3.3375 - 18.5 125) N-m 2 /c = -45.525 N-m 2 /c ~ -46N-m 2 /c 


G, 


— f 

end 0 total 


: (8.85 xlO -12 C 2 /N-m 2 ) (-45.525 N.m 2 /c) = |-4.QxlQ~ 10 C 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4 ISM CH22.XLS,” on tab “Problem 22.67.” 
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Responses to Questions 

[T] Not necessarily. If two points are at the same potential, then no net work is done in moving a charge 
from one point to the other, but work (both positive and negative) could be done at different parts of 
the path. No. It is possible that positive work was done over one part of the path, and negative work 
done over another part of the path, so that these two contributions to the net work sum to zero. In this 
case, a non-zero force would have to be exerted over both parts of the path. 

2. The negative charge will move toward a region of higher potential and the positive charge will move 
toward a region of lower potential. In both cases, the potential energy of the charge will decrease. 

3. (a) The electric potential is the electric potential energy per unit charge. The electric potential is a 

scalar. The electric field is the electric force per unit charge, and is a vector. 

( b ) Electric potential is the electric potential energy per unit charge. 

4. Assuming the electron starts from rest in both cases, the final speed will be twice as great. If the 
electron is accelerated through a potential difference that is four times as great, then its increase in 
kinetic energy will also be greater by a factor of four. Kinetic energy is proportional to the square of 
the speed, so the final speed will be greater by a factor of two. 

5. Yes. If the charge on the particle is negative and it moves from a region of low electric potential to a 
region of high electric potential, its electric potential energy will decrease. 

6. No. Electric potential is the potential energy per unit charge at a point in space and electric field is 
the electric force per unit charge at a point in space. If one of these quantities is zero, the other is not 
necessarily zero. For example, the point exactly between two charges with equal magnitudes and 
opposite signs will have a zero electric potential because the contributions from the two charges will 
be equal in magnitude and opposite in sign. (Net electric potential is a scalar sum.) This point will 
not have a zero electric field, however, because the electric field contributions will be in the same 
direction (towards the negative and away from the positive) and so will add. (Net electric field is a 
vector sum.) As another example, consider the point exactly between two equal positive point 
charges. The electric potential will be positive since it is the sum of two positive numbers, but the 
electric field will be zero since the field contributions from the two charges will be equal in 
magnitude but opposite in direction. 

f7] (a) V at other points would be lower by 1 0 V. E would be unaffected, since E is the negative 

gradient of V, and a change in V by a constant value will not change the value of the gradient. 

( b ) If V represents an absolute potential, then yes, the fact that the Earth carries a net charge would 
affect the value of V at the surface. If V represents a potential difference, then no, the net charge 
on the Earth would not affect the choice of V. 

8. No. An equipotential line is a line connecting points of equal electric potential. If two equipotential 
lines crossed, it would indicate that their intersection point has two different values of electric 
potential simultaneously, which is impossible. As an analogy, imagine contour lines on a 
topographic map. They also never cross because one point on the surface of the Earth cannot have 
two different values for elevation above sea level. 
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9. The equipotential lines (in black) are perpendicular to the electric field lines (in red). 




10. The electric field is zero in a region of space where the electric potential is constant. The electric 
field is the gradient of the potential; if the potential is constant, the gradient is zero. 

11. The Earth’s gravitational equipotential lines are roughly circular, so the orbit of the satellite would 
have to be roughly circular. 


12. The potential at point P would be unchanged. Each bit of positive charge will contribute an amount 
to the potential based on its charge and its distance from point P. Moving charges to different 
locations on the ring does not change their distance from P, and hence does not change their 
contributions to the potential at P. 

The value of the electric field will change. The electric field is the vector sum of all the contributions 
to the field from the individual charges. When the charge Q is distributed uniformly about the ring, 
the v-componcnts of the field contributions cancel, leaving a net field in the x-direction. When the 
charge is not distributed uniformly, they- components will not cancel, and the net field will have 
bothx- and v-componcnts, and will be larger than for the case of the uniform charge distribution. 
There is no discrepancy here, because electric potential is a scalar and electric field is a vector. 


13. 


The charge density and the electric field strength will be greatest at the pointed ends of the football 
because the surface there has a smaller radius of curvature than the middle. 


14. No. You cannot calculate electric potential knowing only electric field at a point and you cannot 
calculate electric field knowing only electric potential at a point. As an example, consider the 
uniform field between two charged, conducting plates. If the potential difference between the plates 
is known, then the distance between the plates must also be known in order to calculate the field. If 
the field between the plates is known, then the distance to a point of interest between the plates must 
also be known in order to calculate the potential there. In general, to find V, you must know E and be 
able to integrate it. To find E, you must know V and be able to take its derivative. Thus you need E 
or V in the region around the point, not just at the point, in order to be able to find the other variable. 

15. (a) Once the two spheres are placed in contact with each other, they effectively become one larger 

conductor. They will have the same potential because the potential everywhere on a conducting 
surface is constant. 

(b) Because the spheres are identical in size, an amount of charge Q/2 will flow from the initially 
charged sphere to the initially neutral sphere so that they will have equal charges. 

(c) Even if the spheres do not have the same radius, they will still be at the same potential once they 
are brought into contact because they still create one larger conductor. However, the amount of 
charge that flows will not be exactly equal to half the total charge. The larger sphere will end up 
with the larger charge. 
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16. If the electric field points due north, the change in the potential will be (a) greatest in the direction 
opposite the field, south; ( b ) least in the direction of the field, north; and (c) zero in a direction 
perpendicular to the field, east and west. 

17. Yes. In regions of space where the equipotential lines are closely spaced, the electric field is stronger 
than in regions of space where the equipotential lines are farther apart. 


18. If the electric field in a region of space is uniform, then you can infer that the electric potential is 
increasing or decreasing uniformly in that region. For example, if the electric field is 10 V/m in a 
region of space then you can infer that the potential difference between two points 1 meter apart 
( measured parallel to the direction of the field) is 1 0 V. If the electric potential in a region of space is 
uniform, then you can infer that the electric field there is zero. 


19 


The electric potential energy of two unlike charges is negative. The electric potential energy of two 
like charges is positive. In the case of unlike charges, work must be done to separate the charges. In 
the case of like charges, work must be done to move the charges together. 


Solutions to Problems 

[l] Energy is conserved, so the change in potential energy is the opposite of the change in kinetic 
energy. The change in potential energy is related to the change in potential. 

AU = qAV = -AK -» 


-A K K „ -K r , 

AT/ initial Final 


mv 2 (9. 1 1 x 1 O' 31 kg) (5.0 x 10 s m/s) 2 


q 


q 


2 q 


2(-1.60x10~ 19 C) 


-0.71V 


The final potential should be lower than the initial potential in order to stop the electron. 


The work done by the electric field can be found from Eq. 23-2b. 

ffL 


V = !s_ 

r ba 

q 


— > 


W ba = -qV ba — -(l.60x 10~ 19 C)[-55V-185V] = 


3.84 x 10 J 


3. The kinetic energy gained by the electron is the work done by the electric force. Use Eq. 23-2b to 
calculate the potential difference. 


W 

E = - ba 


5.25 x 10 J 


q (-1.60x10” 19 c) 


3280V 


The electron moves from low potential to high potential, so | plate B | is at the higher potential. 


By the work energy theorem, the total work done, by the external force and the electric field 
together, is the change in kinetic energy. The work done by the electric field is given by Eq. 23-2b. 


W , ,+W... - KE r . - KE. ... . 

external electric final initial 


W_ 


-q(K-K) = KE fl 


, N W t - KE 7.00 xlO^J-2-lOx 10^J 

/ if TT \ external final 

' b * ~ q ~ -9.10 x 10~ 6 C 

Since the potential difference is negative, we see that E a > E b . 


-53.8 V 
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5. As an estimate, the length of the bolt would be the voltage difference of the bolt divided by the 
breakdown electric field of air. 

lxl0 8 V 


3 x 10 b V/m 


■ = 33m j 


30m 


6. The distance between the plates is found from Eq. 23-4b, using the magnitude of the electric field. 

45 V 


, , V V 

m - _ 

1 1 d \e\ 1300 V/m 


3.5 x 10 ~m 


|7] The maximum charge will produce an electric field that causes breakdown in the air. We use the 
same approach as in Examples 23-4 and 23-5. 


1 Q 

V . = r n E, and V , = — » 

surface 0 breakdown surface » 

\ns, r 0 


Q = Ans 0 r^E x 


0 0 breakdown 


v d.99xl0 9 N*m 2 /C 2 j 


(0.065m) 2 (3 xl0 6 V/ m) 


1.4, 10 ( 


i. We assume that the electric field is uniform, and so use Eq. 23 -4b, using the magnitude of the 
electric field. 


V 

E — — = ■ 


110V 


d 4.0 x 10 3 m 


2.8 x 10 4 V/: 


m 


9. To find the limiting value, we assume that the E-field at the radius of the sphere is the minimum 
value that will produce breakdown in air. We use the same approach as in Examples 23-4 and 23-5. 


^surface ^0 ^breakdown 


V 


35,000 V 


^breakdown 3x10^1 


= 0.01 17 m: 


0.012m 


Surface = Q = 4 ^0 Surface f» = 

4^0 r 0 


v o.99xl0 9 N*m 2 / C 2 j 


(35, 000 V)(0.01 17 m) 


= 4.6xlO~ 8 C 


10. If we assume the electric field is uniform, then we can use Eq. 23-4b to estimate the magnitude of the 
electric field. From Problem 22-24 we have an expression for the electric field due to a pair of 
oppositely charged planes. We approximate the area of a shoe as 30 cm x 8 cm. 

r, V a Q 

E = - = — = — -> 
d s a s 0 A 


£q AV (8.85xl0~ l2 C 2 /Nm 2 )(0.024m 2 )(5.0xl0 3 v) 


d 


1.0x10 m 


1.1x10 C 


11. Since the field is uniform, we may apply Eq. 23-4b. Note that the electric field always points from 
high potential to low potential. 


(a) V BA - 0 . The distance between the two points is exactly perpendicular to the field lines. 


(b) V CB =V C -V B = (-4.20N/C)(7.00m) = 


-29.4 V 


(c) E ca = v c - V A = V c - V B + V B - V A = V CB + F ba = -29.4 V + 0 = 


-29.4 V 
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12. From Example 22-7, the electric field produced by a large plate is uniform with magnitude E = . 

2 <-,. 

The field points away from the plate, assuming that the charge is positive. Apply Eq. 23-41. 

ax 


r(x) -m = r(x) -v, = -!&(<«) = ~ 


o J 


2 £ n 






2 £ n 


13.| (a) The electric field at the surface of the Earth is the same as that of a point charge, E - 




The electric potential at the surface, relative to V (go) = 0 is given by Eq. 23-5. Writing this in 
terms of the electric field and radius of the earth gives the electric potential. 

0 


V - ■ 


4/^o r o 


= Er 0 = (-150 V/m) (6.38 xl0 6 m) = |-0.96 GY 


( b ) Part (a) demonstrated that the potential at the surface of the earth is 0.96 GV lower than the 
potential at infinity. Therefore if the potential at the surface of the Earth is taken to be zero, the 

If the charge of the ionosphere is included in 


potential at infinity must be V(co) = |0.96 GV 


the calculation, the electric field outside the ionosphere is basically zero. The electric field 
between the earth and the ionosphere would remain the same. The electric potential, which 
would be the integral of the electric field from infinity to the surface of the earth, would reduce 
to the integral of the electric field from the ionosphere to the earth. This would result in a 
negative potential, but of a smaller magnitude. 


14. (a) The potential at the surface of a charged sphere is derived in Example 23-4. 

-> Q ~ 4;rf o r o^o -> 

Q 4 x£ 0 r 0 V 0 V o£o (680V)(8.85xl0 12 C 2 /Nm 2 ) 


K = 


47t£ 0 r 0 


Area 4 nr: 


4 nr: 


(0.16m) 


= 3.761 xlO“ 8 C/m 2 


3.8 x 1CT 8 C/m 2 


( b ) The potential away from the surface of a charged sphere is also derived in Example 23-4. 

Q = 

v 


V - ■ 


4 K£ 0 r 


47TSor 0 Vo _ r 0 V 0 _ r 0 V 0 _ (0.16m)(680V) _ /] 3g2m 

4 7T£ 0 r r 


(25V) 


4.4 m 


15. (a) After the connection, the two spheres are at the [same potential| . If they were at different 

potentials, then there would be a flow of charge in the wire until the potentials were equalized. 

( b ) We assume the spheres are so far apart that the charge on one sphere does not influence the 
charge on the other sphere. Another way to express this would be to say that the potential due 
to either of the spheres is zero at the location of the other sphere. The charge splits between the 
spheres so that their potentials (due to the charge on them only) are equal. The initial charge on 
sphere 1 is Q , and the final charge on sphere 1 is Q\. 


K = 


< 2 , 


4/^Vi 




g-g, 

4ji£ a r 2 


V = V 
'1 '2 


-> 


4 ^o r i 


g~g, 

4^o r 2 


-> g,=g 


if + p) 


Charge transferred Q — Q x =Q~Q 


( ; ; +c) 


(r,+r 2 ) 
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16. From Example 22-6, the electric field due to a long wire is radial relative to the wire, and is of 


magnitude E - 


1 A 

2 ns a R 


If the charge density is positive, the field lines point radially away from the 


wire. Use Eq. 23-41 to find the potential difference, integrating along a line that is radially outward 
from the wire. 

4 K 1 A 


V.-V =■ 

b a 




R ln£ Z R 


2 7ts n 


A 

In— 

2 7t£ 0 

R b 


17. (a) The width of the end of a finger is about 1 cm, and so consider the fingertip to be a part of a 
sphere of diameter 1 cm. We assume that the electric field at the radius of the sphere is the 
minimum value that will produce breakdown in air. We use the same approach as in Examples 
23-4 and 23-5. 


^surface ^0 “^breakdown 


; (0.005 m) (3 x 10 6 V/ m) 


15,000 V 


Since this is just an estimate, we might expect anywhere from 10,000 V to 20,000 V. 

W v rf = _ 

4 ne a r 0 4 ns 0 r 0 

e , (8.85 xlCT 12 C 2 /N-m 2 ) 

a -V f — = (15,000 V)- 

r ' ' 0.005 m 


2.7 x 1(T 5 C/m 2 


Since this is an estimate, we might say the charge density is on the order of 30 juC/ m 2 . 

18. We assume the field is uniform, and so Eq. 23-4b applies. 


„ V 0.10V 
E - — - 


d 10x10 9 m 


1 x 10 7 V/ 


m 


19.| (a) The electric field outside a charged, spherically symmetric volume is the same as that for a 

point charge of the same magnitude of charge. Integrating the electric field from infinity to the 
radius of interest will give the potential at that radius. 


E ( r - r 0 ) — 


4 ns/ 


V ( r - r o) = ~\ ~~d dr = 

» /I TTC' TS 


4 7ts,.r~ 

00 0 


4 ns/ 


r 

0 

00 

4ns/ 


(b) Inside the sphere the electric field is obtained from Gauss’s Law using the charge enclosed by a 
sphere of radius r. 


4 nr E = 


Q f nf 

£ 0 3^0 




E (r<r 0 ) = 


Qr 


47is n r: 


Integrating the electric field from the surface to r < r 0 gives the electric potential inside the 
sphere. 

Qr 2 


Q r . _ Q 


V (r <r 0 ) = V (r 0 ) - J ’ j dr = 

~ A 'TTC? IS 


4ns 0 r 0 


4 xs 0 r 0 8 7T£ 0 r 0 


r 

Q 

f 

3- 

V 

2 ^ 
r 

r o 

8^o r o 

2 

r o J 


(c) To plot, we first calculate V 0 = V(r = r 0 ) = — and E 0 = E[r = r 0 ) = ^ , . Then we plot 


4ns^ 


4ns^ 


V I V a and E/E 0 as functions of r/r 0 . 
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For r < r 0 : 


For r > r 0 : 



The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH23.XLS,” on tab 
“Problem 23.19c.” 



20. We assume the total charge is still Q , and let p v - kr 2 . We evaluate the constant k by calculating 
the total charge, in the manner of Example 22-5. 

f „ jt/ _ f ; 2 I A 2 j \ _ 4 t 5 , /. 


2 = | ppl V - | kr 2 (4/T/'V/'j = ykni’l — > k 


(a) The electric field outside a charged, spherically symmetric volume is the same as that for a 
point charge of the same magnitude of charge. Integrating the electric field from infinity to the 
radius of interest gives the potential at that radius. 


£(r>r 0 ) = 


4 ns 0 r 


; V(r > r 0 ) = — J 


0 , 0 

-dr 


J 4 7te r~ 

oo U 


4 nepr 4 ns.r 


(b) Inside the sphere the electric field is obtained from Gauss’s Law using the charge enclosed by a 
sphere of radius r. 


4 *r 2 £ = — ; 2 encl = \pzdV = Y^ T \r 2 (4xr 2 dr) = 


5 Q 4 5 Qr 

= — 

4 7tr n r A 
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E{r<r 0 ) = 


Qr 


4 ns 0 r 2 4ns a rl 


Integrating the electric field from the surface to r < r 0 gives the electric potential inside the 
sphere. 


r(r<r 0 ) = F(V 0 )-j 


Qr , 0 

-dr - 


Qr 


4ns 0 r 0 


4 /TVo 16 ^o r o 


1 6ns 0 r 0 


f r 4 h 

5 “- 

v W 


(c) To plot, we first calculate V 0 - V (r = r 0 ) = — — — and E 0 = E (r = r 0 ) = ^ 


4ks^ 


\nSor- 


V / 'V 0 and E/E 0 as functions of r/r 0 . 

f 4 A 

5-- 


For r < r 0 : 


, 1 6 ns n r,. 

v/v Q = ^ 


Qr 3 


f o / _ I 

4 


47rs 0 r a 


r r " 

5 -- 

v r o y 


; £/£<> = 


4^ 0 r 0 5 _ r 3 


4 ^o r o 


Then we plot 


4ns, r 1 r 


„ , 4ns / r / i 1 . „ ^us,r r„ / i 

For r > r 0 : V/V 0 = — ^ = ^ = (r/r 0 ) ; £/£ 0 = — = ^ = (r/r 0 ) 

r r 


4 ns 0 r 0 


4 ns 0 r- 


The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH23.XLS,” on tab 
“Problem 23.20c.” 
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21. We first need to find the electric field. Since the charge distribution is spherically symmetric, 
Gauss’s law tells us the electric field everywhere. 


§t'd\ = E(4nr 2 )- 


a 


end 


-> E - ■ 


i a 


end 


4 7ts 0 r~ 


If r <r 0 , calculate the charge enclosed in the manner of Example 22-5. 


r 

r r 

2 

r 

ii 

i-- 

1 1 

o 1 

r 

L o J 


r 

4nr 2 dr - 4 xp 0 j 


2 r 
r — r 


dr - 4np 0 


3 5 

r r 


3 5 r: 


The total charge in the sphere is the above expression evaluated at r = r 0 . 


2 t „tai = 4 m, 


3 5 

3 5 r 2 


ZkPo’o 

15 


Outside the sphere, we may treat it as a point charge, and so the potential at the surface of the sphere 
is given by Eq. 23-5, evaluated at the surface of the sphere. 

8 Wo 3 


V(r = r 0 ) = 


1 g,Q, a 
4ns, r 0 


1 


15 


2 ATo 


4tt£ 0 r 0 I5s 0 


The potential inside is found from Eq. 23-4a. We need the field inside the sphere to use Eq. 23-4a. 
The field is radial, so we integrate along a radial line so that E -dl - Edr. 


E{r<r 0 ) = 


V - V = 


v=v + 


4 ftp* 

1 2e„ c, 1 

"3 5 

r r 

3 5 r 2 

4 7t£ 0 r 2 4 7t£ 0 

2 

r 

r r r 

- \t'di = -[Edr = -\ ^ 

3 

r r 

J J J p 

r o r o 'b 0 

— i 

V 

l/T 

m 
i 


Po 


3 5 r: 


dr = —— 


r 

6 


20 r 2 


f 

_A 

2 

r 

4 

r 


_ 2p 0 r 2 

_Po_ 

y 2 
r 



( r 2 

A o 

4 M 

r o 

V ^ 

6 

20 f _ 

J 

15£ 0 

£ 0 . 

A 6 

20r 0 2 J 


V 6 

20 r 2 J_ 



22. Because of the spherical symmetry of the problem, the electric field in each region is the same as that 
of a point charge equal to the net enclosed charge. 

(a) For r>rp. E - ^ 

4tt£ 0 r 4 k£ q r 

For t\<r <r 2 : E — [o], because the electric field is 0 inside of conducting material. 

For 0 < r < : E - 1 ^ e f = 1 ^ = 

4 7T£ 0 r~ 4 7T£ 0 r~ 

( b ) For r > r 2 , the potential is that of a point charge at the center of the sphere. 

y 1 g 1 !£_ 

4jt£ a r 4 7t£ 0 r 


3 Q 


8x£ 0 r 


r > r 


1 g 

8 rt£ a r 2 


3 g 

8 7T£ 0 r 2 
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The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_1SM_CH23.XLS,” on tab 
“Problem 23.22e.” 
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23. The field is found in Problem 22-33. The field inside the cylinder is 0, and the field outside the 

cylinder is ^ . 

s 0 R 

(a) Use Eq. 23-4a to find the potential. Integrate along a radial line, so that E »dt = EdR. 


v r -v r = 




is. is. 

- J E-i/f = -J EWi? = - J" 


all. 


s o R 


-dR 


^-ln — 

K 


aR n R 
K -In — 


£ o K 


,R>R n 


(b) The electric field inside the cylinder is 0, so the potential inside is constant and equal to the 
potential on the surface, \V 0 


(c) [No| , we are not able to assume that V - 0 at R = co. V 4=0 because there would be charge at 
infinity for an infinite cylinder. And from the formula derived in (a), if R - oo, V R = -oo. 


24. Use Eq. 23-5 to find the charge. 

1 0 


V = 


4 7rs 0 r 


Q = (4xs 0 )rV = 


1.99 x 10 9 N*m 2 /C 2 


(0.15 m)(l85 V) = 


3.1x10 C 


|25.| (a) The electric potential is given by Eq. 23-5. 


1 Q ( 9 2/ 2 \ 1.60x10 _19 C 

V = — = (8.99 x 10 9 N*m/C) - 28.77 V = 


4 ns„ r 


0.50 x 10 m 


29 V 


( b ) The potential energy of the electron is the charge of the electron times the electric potential due 
to the proton. 


U = QV - (-1.60 x 10~ 19 C)(28.77 V) = 


-4.6 x 10 18 J 


26. (a) Because of the inverse square nature of the electric < — x — n d ► 

field, any location where the field is zero must be -• O • O 

closer to the weaker charge (g 2 ) . Also, in between the q 2 <0 q ] > 0 

two charges, the fields due to the two charges are parallel to each other (both to the left) and 
cannot cancel. Thus the only places where the field can be zero are closer to the weaker charge, 
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but not between them. In the diagram, this is the point to the left of q 2 . Take rightward as the 
positive direction. 

1 <7i „ I I / r \2 


1 <7, 

E = — 


x = 


4 ns 0 x 4 ns 0 (d + x) 

-d = 


= 0 — > q 2 \(d + x) =q v \ 


V 

d 2 


->/?: 2 




0 x 10 C 


V3.4x10 _6 C-V2.0x10"C 

( b ) The potential due to the positive charge is positive 


(5.0 cm) = 16 cm left of q 2 


o 




everywhere, and the potential due to the negative 
charge is negative everywhere. Since the negative 
charge is smaller in magnitude than the positive charge, q 2 <0 q t >0 

any point where the potential is zero must be closer to the negative charge. So consider 
locations between the charges (position x 1 ) and to the left of the negative charge (position x 2 ) 
as shown in the diagram. 


V, 


V, 


1 


4 7lS n 


<h 


(d -xj 






\ns 0 |_(t/ + x 2 ) x 2 j 

q 2 d (-2.0xlQ- 6 c)(5.0cm) 
{q l+ q 2 )~ (l.4 x 10 6 C) 


q 2 d (-2.0xl0^c)(5.0cm) 
^ X '~(q 2 - q y (-5.4 x 10 6 C) 


= 0 


= 1.852cm 


= 7.143 cm 


So the two locations where the potential is zero are 1.9 cm from the negative charge towards the| 


positive charge, and 7. 1 cm from the negative charge away from the positive charge. 


27. The work required is the difference in the potential energy of the charges, calculated with the test 
charge at the two different locations. The potential energy of a pair of charges is given in Eq. 23-10 

as U = . So to find the work, calculate the difference in potential energy with the test 

4 7TS 0 r 

charge at the two locations. Let Q represent the 25//C charge, let q represent the 0. 1 8//C test 
charge, D represent the 6.0 cm distance, and let d represent the 1.0 cm distance. Since the potential 
energy of the two 25//C charges doesn’t change, we don’t include it in the calculation. 


^initial 


1 


ql + j_ 


Qq 


4 7t£ n D/2 4n s n D/2 


u 1 Qd t 1 Qd 

fmal 4ns a [D/2-d] 4ns 0 [D/2 + d] 


W ° rk exte m al ^linal ^^initial 


1 


Qq 


1 


Qq 


( 


2 Qq 


4ns „ 


4ns 0 [D/2-d] 4 ns 0 [Z)/2 + ^] 

1 1 


--2 


1 Qq 


[D-2d] [ D + 2d ] D/2 


= 2(8.99 x 10 9 N.m 2 /C 2 )(25 x 10~ 6 c)(0.18 x 10^c) 


V 4 ^ 0 D / 2 J 


1 


1 


1 


' + ' 

0.040 m 0.080 m 0.030m 


0.34 J 


An external force needs to do positive work to move the charge. 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

77 







Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


28. (a) The potential due to a point charge is given by Eq. 23-5. 


V =V -V = 

r ba r b r a 


1 q 1 q 


q 


4 ns n r 4 ns n r 4 ns n 


1 1 


1 


1 


E„ 


= f 8.99 x 10 9 N-nf/c 2 ) ( -3.8 x 10^c) 

V A \ 0.36m 0.26 m j 

(i b ) The magnitude of the electric field due to a point 
charge is given by Eq. 2 1 -4a. The direction of the 
electric field due to a negative charge is towards the 
charge, so the field at point a will point downward, and 
the field at point b will point to the right. See the 
vector diagram. 

1 \ q \ 7 (8.99xl0 9 N-mYc 2 )(3.8xl0^C) : 


3.6 x 10 V 


E, 



E b = 


4tt£o r b - 


- 1 = 


(0.36m) 2 


1 \ q \, (8.99 xl0 9 N-m 2 /c 2 ) (3.8 xlO"c)„ 

J (0.26 m) 2 


4 ns„ r 

0 a 


i = 2.636 xl0 5 V/mi 
j = -5.054 xl0 5 V/mj 


E b - E a = 2.636 x 10 5 V/mi + 5.054 x 10 s V/m j 

2.636 x 10 5 V/mf + (5.054 x 10 5 V/mf = 5.7xlO s V/ 


E. - E = 

b a 


^ , -E ,5.054 x10 s 

6 = tan — - = tan 


2.636 x10 s 


62° 


29. We assume that all of the energy the proton gains in being accelerated by the 
voltage is changed to potential energy just as the proton’s outer edge reaches the 
outer radius of the silicon nucleus. 

1 e(l4e) 


U , = U r , 

initial final 


eV 

^ initial 


4ns n 


V 

initial 


1 14e 

4 ns 0 r 


/ on / ,\ (l4)(l.60 x 10' 19 c) 

(8.99 x 10 9 N*m‘/c 2 )-^ — — —t 

v ’ (l.2 + 3.6)xl0 _ls m 



4.2x10 V 


30. By energy conservation, all of the initial potential energy of the charges will change to kinetic energy 
when the charges are very far away from each other. By momentum conservation, since the initial 
momentum is zero and the charges have identical masses, the charges will have equal speeds in 
opposite directions from each other as they move. Thus each charge will have the same kinetic 
energy. 


E — > U . ... . = K r . 

initial final initial final 


1 g 2 

4 ns a r 


■ 2 (ymv ! j 


-» 


V = 


1 

or 

4its n 

mr 


(8.99 x 10 9 N-m 2 /C 2 )(5.5 x 10^ 6 c) 2 


(l.OxlO^kg) (0.065 m) 


2.0 x 10 3 m/s 
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|31.| By energy conservation, all of the initial potential energy will change to kinetic energy of the 
electron when the electron is far away. The other charge is fixed, and so has no kinetic energy. 
When the electron is far away, there is no potential energy. 


E ...=E r , — > U . ... = K, . — > 

initial final initial tinal 


(zfKg) , 


4 ns/ 


= 4 mv — > 


2 (-9(e) 

2 

8.99 x 10 9 N*m 2 /C 2 ) 

(-1.60 x 1(T 19 C) 

(-1.25 x 10~ 10 C) 

( 4ns „ ) mr \ 


f9.11xl(T 31 kg) 

(0.425 m 

) 


9.64 x 10 5 m/s 


32. Use Eq. 23-2b and Eq. 23-5. 


V —V—V — 

' BA r B ¥ A 


1 


q + 1 (-?) 


^4;re 0 <7-6 4/7-£ 0 6 j 


1 ? + 1 (“?) 


y4nS 0 b 4ns Q d - b j 


4 7ZS n 


1 


yd -b b b d -b J 



33. (a) For every element dq as labeled in Figure 
23-14 on the top half of the ring, there 
will be a diametrically opposite element 
of charge -dq. The potential due to those 
two infinitesimal elements will cancel 
each other, and so the potential due to the 
entire ring is |o]. 

(b) We follow Example 21-9 from the 
textbook. But because the upper and 
lower halves of the ring are oppositely 
charged, the parallel components of the 
fields from diametrically opposite infinitesimal segments of the ring will cancel each other, and 

the perpendicular components add, in the negative y direction. We know then that 

0 


E . = 0 


1 da 1 

dE = -dE sin 6 = f - sin 0 - - - 


2rtR 


-di 


R 


dl 


4 tts 0 r 


4 ns r 


(x 2 +i? 2 )( x 2 +i? 2 )‘ 


8/T£„ 


(x 2 +tf 2 ) 


2 ttR 

E v - J dE r - 
0 


8;r 2 £„ 


(x 2 +tf 2 ) 3 


J u = 


R 


4 7ts r 


(x 2 +R 2 ) 3 


-» 


E = 


0 

R 


4ns, 

[x 2 + R 2 ] 

3/2 J 


Note that for x » R, this reduces to E = - ■ 


Q 


4 ne n x' 


j, which has the typical distance dependence 


for the field of a dipole, along the axis of the dipole. 
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34. 


The potential at the comer is the sum of the potentials due to each of the charges, using Eq. 23-5. 



1 (-2g) 

4 7ts 0 i 


l Q 

4 7TS 0 i 




35. We follow the development of Example 23-9, with Figure 23-15. The charge on a thin ring of radius 
R and thickness dR is dq = crdA = a {in. RdR). Use Eq. 23-6b to find the potential of a continuous 
charge distribution. 



36. 


All of the charge is the same distance from the center of the semicircle - the radius of the semicircle. 
Use Eq 23-6b to calculate the potential. 


f = ^r 0 -> r o~~ 
n 


_Lf4u_!_f rf , = 0 = pr 

4 TCF * F 4 TCF r J 4 F 


37. The electric potential energy is the product of the point charge and the electric potential at the 
location of the charge. Since all points on the ring are equidistant from any point on the axis, the 
electric potential integral is simple. 

U=,v= q J — — r— — T— 

* 4ns a V r~ + 4ns Q v r~ + x 2 4ns Q V r 2 + x 2 

Energy conservation is used to obtain a relationship between the potential and kinetic energies at the 
center of the loop and at a point 2.0 m along the axis from the center. 

K 0 +U 0 - K + U 
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38. Use Eq. 23-6b to find the potential of a continuous charge 

distribution. Choose a differential element of length dx' at position 

x along the rod. The charge on the element is dq = ~^dx', and the 


element is a distance r = yjx' 2 + y 2 from a point on they axis. Use 
an indefinite integral from Appendix B-4, page A-7. 


V . = 

y axis 


1 r dq lr 

4 7T£ n r 4 nS n „ 


— dx 
21 

47rs o J e yjx' 2 + y 2 


1 0 



l 


~ / 

Irt^x' 2 + y 2 + x'j 

Q 

In 

-£ 

8 nsJL 




_ V 


y 



39. Use Eq. 23-6b to find the potential of a continuous charge 
distribution. Choose a differential element of length dx’ at 
position x along the rod. The charge on the element is 

dq — —dx', and the element is a distance x-x' from a point 

21 

outside the rod on the x axis. 


Q ,, 

, , , t — tlx 

1 [dq _ 1 f 21 

A TTC- * I" A TT C * 


i Q 




\^±>dx' 


-l >< — l — > 


4 ns 0 " r 


4ns 0 ,r- x 4ns Q 21 


[-ln(x-x')]' f = 


Q 

In 

fx+ni 

00 

o 

lx-f JJ 


,x> l 


40. For both parts of the problem, use Eq. 23-6b to find the potential of a continuous charge distribution. 
Choose a differential element of length dx at position x along the rod. The charge on the element 
is dq = Adx' = ax'dx. 

(a) The element is a distance r = yjx' 2 + y 2 from a point on the y 
axis. 


V = J_f^ = J_f 

4ns o J r 4ns 0 ^ 


ax'dx' 


12 , 2 

x + y 


= 0 


The integral is equal to 0 because the region of integration is 
“even” with respect to the origin, while the integrand is “odd.” 
Alternatively, the antiderivative can be found, and the integral 
can be shown to be 0. This is to be expected since the potential 
from points symmetric about the origin would cancel on they axis. 



( b ) The element is a distance x-x' from a point outside 
the rod on the x axis. 


V = 


1 1 

a- 

As 

l 

- ax'dx' a [ 

4nSo l 

r 4 ns 0 * 

\x-x 4 ns 0 


; < , , , 

dx 


x'dx 


x-x 


<—i — ><— £ — > 


I 


A substitution of z = x-x' can be used to do the integration. 
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V = ■ 


a f x'dx 


4 ns n \ x-x 4 7t£„ 


(xln z-z)2l = 


I 


(x - z)(-cfe) 


4 ns, 


4 KS, 


4 TT£„ 


xln 


f T + £ 


Vx 


-l 


x+t / \ 

If ' 1 

0 x-i V Z ' 

,x> £ 


dz 


-21 


41. We follow the development of Example 23-9, with Figure 23-15. The charge on a thin ring of radius 
R and thickness dR will now be dq = crdA = (aR 2 i(2 ziRdR). Use Eq. 23 -6b to find the potential of 
a continuous charge distribution. 


1 cdq 1 I" (aR 2 )(27rRdR) 


V = — : — f -S- - — : — f . 

4^„ J r 4 7ts 0 { 


a R r R 3 dR 


six 2 + R 2 


\ 


2s o J o sjx 2 + R 2 


A substitution of x + R — if can be used to do the integration. 
x 2 + Rf = u — > R~ = if - X* ; 2 RdR - 2 udu 

R, 


a r RdR 

1 c- J 


a R ^" (u 2 -x 2 ) udu a n _ 3 _ _ 2 -| 

— I — tM UJC 

J u 2 s n L J 


2^0 J o yjx 2 + R 2 2e< 

j^X 2 +i? 2 ) -x-(x-+f? 2 ) 

{t(x 2 + )' -x 2 (x 2 +^ 0 2 )‘ / 'J + fx 


R=R„ 
R = 0 


2 E, 


2e, 


6 s n 


(Rl - 2 x 2 )( x 2 +^ 0 2 ) 1/2 + 2 x 3 


, x > 0 


42. 



43. The electric field from a large plate is uniform with magnitude E = cr/2f 0 , with the field pointing 

away from the plate on both sides. Equation 23-4(a) can be integrated between two arbitrary points 
to calculate the potential difference between those points. 


AV = - 


-I 


2 £■„ 2 £■„ 


Setting the change in voltage equal to 1 00 V and solving for x 0 - x, gives the distance between field 
lines. 

2s 0 AV 2(8.85xl0 12 C 2 /Nm 2 )(l00 V) 


x„ - x, = ■ 


0.75xl0- 6 C/m 2 


= 2.36x10- m 


2 mm 
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44. The potential at the surface of the sphere is V 0 = 


1 Q 

4^0 r 0 ' 


The potential outside the sphere is 


1 Q r 

V = = V 0 — , and decreases as you move away from the surface. The difference in potential 

4 ns 0 r r 

between a given location and the surface is to be a multiple of 100 V. 

i Q 


v=- 


4^o r 0 


= (8.99 x 10 9 N*m 2 /c 2 ) 


0.50 x 10~ 6 C^ 


v 0 -v = v 0 -v,^ = (ioo V)n 

(a) i\ = 


r 

r o 

r 

V n 


0.44 m j 

K 

IK _ (ioov)«] 


= 10, 216V 


10,216 V , , 

r o =77777777 (°- 44m ) = 


0.444 m 


[fr 0 -(lOOV)l] ° 10,116V 

Note that to within the appropriate number of significant figures, this location is at the 
surface of the sphere. That can be interpreted that we don’t know the voltage well enough 
to be working with a 100-V difference. 


(b) r t0 = 


( c ) 'loo = 


K 


[F fl -(100V)10] 

K 

[f 0 -(ioov)ioo]' 


10,216 V , , 

r„ = (0.44 m) = 


9,216V 
10,216V 
216V 


0.49 m 


(0.44 m) = 


21 m 


45. The potential due to the dipole is given by Eq. 23-7. 

1 p cos0 ( 8.99 x 10 9 N*m 2 /c 2 )(4.8 x 10~ 30 C*m)cosO 


(a) V = 


4 ns n 


(4.1 x 10 9 m) 2 


(b) V = 


(c) V = 


2.6 x 10~ 3 V 


1 p cos 9 

4 7 T £ 0 r 2 


1.8 x 10~ 3 V 


1 p cos 6 

4 7 ts 0 r 2 


-1.8 x 10~ 3 V 


Q (8.99 x 10 9 N-m 2 /C 2 )(4.8 x 10~ 3 °C-m)cos45° 


(4.1 x 10 9 m) 2 


0 ( 8.99 x 10 9 N»m 2 /C 2 )(4.8 x 10~ 30 C-m)cosl35° 


(l.lxl0 _9 m) 2 


-Q 


-Q 


Q 



Q 



46. ( a ) We assume that p, and p, are equal in magnitude, and that each makes a 52° angle with p . 
The magnitude of p, is also given by p t - qcl , where q is the net charge on the hydrogen 
atom, and d is the distance between the H and the O. 

P 


p-2p { cos52° — » p x - 


2 cos 52° 


= qd 


6.1x10 Om 


d = 


2r/cos52° 2(0.96 x 10 10 m)cos52° 

This is about 0.32 times the charge on an electron. 


5.2x10 C 
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( b ) Since we are considering the potential far from the 
dipoles, we will take the potential of each dipole to be 
given by Eq. 23-7. See the diagram for the angles 

P 


involved. From part (a), p { = p 2 = 


2 cos 52° 


V - V +v 

Pi ft 


1 p l cos (52° - d) 1 p 2 cos (52° + d) 


4 ^o 

1 


4 7ts n 


4 ns,r 2 cos 52 


-[cos(52° -9) + cos(52° + /?)] 



I ty 

( cos 52° cos 9 + sin 52° cos 6 + cos 52° cos 6 - sin 52° cos 6 ) 

4 ns f] r 2 cos 52° 


— (2cos52°cost?) = 

4ns p- 2 cos 52° 


1 p cos 9 
4 ns 0 r 


+3 

1 

+3 

( 1 q'\ 

~ a 

55" 

1 

q \ 

( n 


1 q 

dr dr 

\4ns 0 r j 

1 4 ns 0 dr ' 

Vr) 4 ns} 

l t- 2 ) 


4ns Q r 2 


48. 


The potential gradient is the negative of the electric field. Outside of a spherically symmetric charge 
distribution, the field is that of a point charge at the center of the distribution. 


dV _ E 1 _q_ 

dr 4ns 0 r 1 


(8.99 x 10 9 N*m 2 /c 2 ) 


(92)(l.60xl0^c) 
(7.5x10 _15 m) 2 


-2.4 xlO 21 V/m 


49 


The electric field between the plates is obtained from the negative derivative of the potential. 

E = — [(8.0 V/m) x + 5.0 V] = -8.0 V/m 

dx dx 

The charge density on the plates (assumed to be conductors) is then calculated from the electric field 
between two large plates, E = a / s 0 . 


a = Es 0 = (8.0 V/m)(8.85 x 10 


12 C 2 /Nm 2 


)- 


7. lx 10' ‘C/m 2 


The plate at the origin has the charge -7.1 x 10 11 C/m 2 and the other plate, at a positive x, has charge 
+7.1 x 1 0 1 C/m 2 so that the electric field points in the negative direction. 


50. We use Eq. 23-9 to find the components of the electric field. 


E =- 

dy 


8V n „ 

dV n 

— = 0 ; E_ 

= = 0 

dx 

dz 

8V d r 

by ] 


dy 


(a 2 + /) 


(a 2 + y 2 ^jb- by (2y) 
(a 2 +y 2 ) 2 


E = 


( 

' 2 2 \ 

J ~ a ) 

b , 

i 

{■ a + y ^ 

r 


(/ -a')b 
(a 1 +y 2 ) 2 
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51. We use Eq. 23-9 to find the components of the electric field. 

dV dV 

E x = -2.5 y + 3.5 yz ; E v = = -2 y - 2.5x + 3.5 xz ; E_ 

dx y dy 


-^ = 3.5xv 
dz 


E = 


(-2.5 y + 3.5vz)i + (-2 y - 2.5x + 3.5xz) j + (3.5xy) k 


52. We use the potential to find the electric field, the electric field to find the force, and the force to find 
the acceleration. 

8V F qE q dV q dV 

E = ; F = qE ; a = — - — - = = 

x^ 7 x^x 7 x * * 

ox m m m ox m ox 


. (x = 2.0m) = - 


2.0x10 C 
5.0 x lCT 5 kg 


2(2.0 v/m 2 ) (2.0 m) - 3(3.0 v/m 3 ) (2.0m) 2 ~| = 1.1m/ 


53. (a) The potential along the y axis was derived in Problem 38. 

^£ 2 +y 2 + 7 


V . = ^^- 
v s 8 nel 


8V 

E 

7 dy 


In 

L V 


J J 


8 nsjl L 


8 nsJL 


yjv 2 + y 2 ~ V 

k(e+yT2y : {^y : Y ! 2y 

+y 2 +1 yji 2 + y 2 -l 


In ( yjl 2 + v 2 + £ ) - In [\Jt + y 2 - £ 

0 


4^ 0 yft 


2 1 2 

+ y 


From the symmetry of the problem, this field will point along they axis. 


E = 


1 


4 ^o yfi 


2 , 2 

+ J 


Note that for y » £, this reduces to the field of a point charge at the origin. 
( b ) The potential along the x axis was derived in Problem 39. 


V , =■ 


8 nsJL 


In 


r x + t 


U -i 


8 nsJL 


[ln(x + £) - ln(x - £)] 


E = — 


dV 

Q 

1 

1 

1 | 

( Q \ 

dx 

8 nsJL 

1 

X 

+ 

X 

1 

1 

A,ns o 



From the symmetry of the problem, this field will point along the x axis. 

1 ( Q 


E = ■ 


4 7VS n 




Note that for x s> f this reduces to the field of a point charge at the origin. 


54. Let the side length of the equilateral triangle be i. Imagine bringing the —e • — 
electrons in from infinity one at a time. It takes no work to bring the first \ 

electron to its final location, because there are no other charges present. ^ 

Thus W { = 0 . The work done in bringing in the second electron to its 

final location is equal to the charge on the electron times the potential 
(due to the first electron) at the final location of the second electron. 


Thus W 2 = (-e) 


1 e 


4^o l j 


1 e 2 
4 7ts 0 L 


7 


—e 



. The work done in bringing the third electron to its final 
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location is equal to the charge on the electron times the potential (due to the first two electrons). 


Thus W 3 = (-e) 


1 e 1 e 


4 ns Q £ 4 Ks a l j 


1 2e 
4 K£ Q l 


1 e 1 2e 

w = w,+w, + w= 0 + +- 


The total work done is the sum W, + W, + W, . 


1 3g 2 3(8.99 x 10 9 N*m 2 /C 2 )(l.60 x 10 _19 C)" 


4 ns 0 l 4 7ts 0 l 4 ns 0 £ 


(l.OxlO" 10 m) 


6.9 x 10 J 


f 


= 6.9x10 18 J 


leV 


Vl-60xl0 J J 


43 eV 


|55.| The gain of kinetic energy comes from a loss of potential energy due to conservation of energy, and 
the magnitude of the potential difference is the energy per unit charge. The helium nucleus has a 
charge of 2e. 


AV - ■ 


A U A K 125x10 eV 


q 


q 


2e 


-62.5 kV 


The negative sign indicates that the helium nucleus had to go from a higher potential to a lower 
potential. 

56. The kinetic energy of the particle is given in each case. Use the kinetic energy to find the speed. 

WE 2(l500eV)(l.60xl0~ 19 J/eV) 

(a) jmv =K -> v = J = , — 

V m V 9.1 1 x 10 kg 


2.3 x 10 7 m/s 


WE |2 (l 500 eV) (l .60 x 1 0 -19 J/eV) 

(b) \mv =K -> v — . = ,' 


m 


1.67 x 10 kg 


5.4 x 10 5 m/s 


57. The potential energy of the two-charge configuration (assuming they are both point charges) is given 
by Eq. 23-10. 


U = - 


1 m 

4 7ts 0 r 


1 (? 
4 7t£ 0 r 


AU = U r , -U . = 

final initial 


4 ne„ 


1 


1 


V ^initial ^final ) 


- (8.99 x 10 9 N.nf/C 2 )(l.60xl0 _19 c) 2 
= -1.31eV 


0.110x10 9 m 0.100 x 10 9 m 


leV 


1.60x10 19 J 


Thus [L3 eV| of potential energy was lost. 

58. The kinetic energy of the alpha particle is given. Use the kinetic energy to find the speed. 


;mv~ = K 


v = , 


WE p(5.53 xl0 6 eV) (l. 60x1 0~ 19 J/eV) 


m 


6.64xl0" 7 kg 


1.63 xlO 7 m/s 
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59. Following the same method as presented in Section 23-8, we get the following results. 

(a) 1 charge: No work is required to move a single charge into a position, so U ] = 0. 

2 charges: This represents the interaction between Q x and Q 2 . 

i Q& 


u 2 = 


4/rs 0 r l2 


3 charges: This now adds the interactions between Q x & Q, and Q 2 & Q, . 


u 3 = 


1 


4 ns n 


Q& , e. q 3 , m 


V r u 


z3 J 


4 charges: This now adds the interaction between Q x &Q 4 , Q 2 &.Q 4 , and Q 3 & (Q 4 


u 4 = 


1 


4 ns,, 


r Qa , g,g 3 , g,g 4 , QA , QM, , 


V r !2 


'34 J 


Q, 



(b) 5 charges: This now adds the interaction between Q t & Q,, Q, & Q . , Q & Q., and Q 4 &Q y 


u 5 = 


1 


4 7T£ n 


q& , 6,63 , g,g 4 , q& , e 2 g 3 , m , aa , g 3 g 4 , m , 


V r i2 


'45 2 


0, 



60. (a) The potential energy of the four-charge configuration was derived in Problem 59. Number the 
charges clockwise, starting in the upper right hand comer of the square. 
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(. b ) The potential energy of the fifth charge is due to the interaction between the fifth charge and 
each of the other four charges. Each of those interaction terms is of the same magnitude since 
the fifth charge is the same distance from each of the other four charges. 


U. 


5th 

charge 



(c) 


If the center charge were moved away from the center, it would be moving closer to 1 or 2 of 
the other charges. Since the charges are all of the same sign, by moving closer, the center 


charge would be repelled back towards its original position. Thus it is in a place of stabl c 
equilibrium. 

(d) If the center charge were moved away from the center, it would be moving closer to 1 or 2 of 
the other charges. Since the comer charges are of the opposite sign as the center charge, the 
center charge would be attracted towards those cl oser charg es, making the center charge move 
even farther from the center. So it is in a place of unstable equilibrium. 


|61.| (a) The electron was accelerated through a potential difference of 1.33 kV (moving from low 
potential to high potential) in gaining 1.33 keV of kinetic energy. The proton is accelerated 
through the opposite potential difference as the electron, a nd has the exact opposite charge. 


Thus the proton gains the same kinetic energy, | 1.33 keV 


(b) 


Both the proton and the electron have the same KE. Use that to find the ratio of the speeds. 


I 2 1 2 

-m p v p =ytn e v e 



42.8 


The lighter electron is moving about 43 times faster than the heavier proton. 


62. We find the energy by bringing in a small amount of charge at a time, similar to the method given 
in Section 23-8. Consider the sphere partially charged, with charge q < Q. The potential at the 

1 q 


surface of the sphere is V - 


4tt£ 0 r 0 


and the work to add a charge dq to that sphere will increase the 


potential energy by dU = Vdq. Integrate over the entire charge to find the total potential energy. 

Q 


u = 


\dU= f — 

•> •> A-rr 


q 


0 4 ^o r o 


dq = 


1 

Q 2 

8 7t£ 0 

r 

'o 


63. The two fragments can be treated as point charges for purposes of calculating their potential energy. 
Use Eq. 23-10 to calculate the potential energy. Using energy conservation, the potential energy is 
all converted to kinetic energy as the two fragments separate to a large distance. 


“^"initial final ^ ^initial "^final 


1 

4 7ts n r 


V 


= (8.99 x 10 9 N* 


^ (38)(54)(l.60xl0~ l9 C) 

2 

1 

( leV l 

' (5.5 x 10 L "m) 

| + (6.2 x 10~‘ 

>m) 

Vl.60 x 10” 19 J ) 


= 250 x 10 eV 


250 MeV 


This is about 25% greater than the observed kinetic energy of 200 MeV. 
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64. We find the energy by bringing in a small amount of spherically symmetric charge at a time, similar 
to the method given in Section 23-8. Consider that the sphere has been partially constructed, and so 
has a charge q < Q, contained in a radius r < r 0 . Since the sphere is made of uniformly charged 


material, the charge density of the sphere must be p E - 


4 3 

t 7tr n 


Thus the partially constructed sphere 


also satisfies p E - 


4 3 

2 7TV 


and so 


Qr 


: TIT 


4 d 

3^0 


— > q - — — . The potential at the surface of that 


sphere can now found. 


Qr 3 


V = 


1 


q 


l 


4ns,, r 4ns, , 


1 Qr 2 
4nSo rl 


We now add another infinitesimally thin shell to the partially constructed sphere. The charge of that 
shell is dq - p E 4 nr 2 dr. The work to add charge dq to the sphere will increase the potential energy 
by dU = Vdq. Integrate over the entire sphere to find the total potential energy. 

2 


U - [ dU = [ Vdq - [ — - — Q-—p E 4nr 2 dr - f /dr = 

J J J A T7 -C' V* C T* " 


Pe Q 


4ns 0 r 0 


3 Q- 


20 ns 0 r 0 


65. The ideal gas model, from Eq. 18-4, says that K = = ^kT. 


K = \mv 2 =±kT =. 

2 rms 2 ” v, ‘’ 


rms 
273 K 


3 kT 


m 


|3 (l ,38 x 10~ 23 J/k)(273K) 

9.11 x l(T 31 kg 


1.1 1 x 10 5 m/s 


rms 
2700 K 


3 kT j 

f3(l.38 x 1CT 23 J/k)(2700K) 1 


3.5 xl(T m/s 

m V 

9.1 1 x 10 31 1 



66 . 


If there were no deflecting field, the electrons would hit the 
center of the screen. If an electric field of a certain direction 
moves the electrons towards one extreme of the screen, then the 
opposite field will move the electrons to the opposite extreme 
of the screen. So we solve for the field to move the electrons to 
one extreme of the screen. Consider three parts to the v 

electron’s motion, and see the diagram, which is a top view. 
First, during the horizontal acceleration phase, energy will be 
conserved and so the horizontal speed of the electron v v can 



be found from the accelerating potential V . Secondly, during the deflection phase, a vertical force 
will be applied by the uniform electric field which gives the electron a leftward velocity, v . We 

assume that there is very little leftward displacement during this time. Finally, after the electron 
leaves the region of electric field, it travels in a straight line to the left edge of the screen. 
Acceleration: 


U , = K. , 

initial final 


eV - 1 mv 
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( 1 .90 x 10 s V/m) (0.026 m) 

= / — = 5.4 x 10 3 m 

4(6000 V) 

This is about 4% of the total 1 5 cm vertical deflection, and so for an estimation, our approximation is 
acceptable. And so the field must vary from +1.9 x 10 5 V/m to -1.9xl0 5 V/m 


67. Consider three parts to the electron’s motion. First, during the 
horizontal acceleration phase, energy will be conserved and so 
the horizontal speed of the electron v can be found from the 


accelerating potential, V . Secondly, during the deflection 
phase, a vertical force will be applied by the uniform 



electric field which gives the electron an upward velocity, v . 



We assume that there is very little upward displacement during this time. Finally, after the electron 
leaves the region of electric field, it travels in a straight line to the top of the screen. 

Acceleration: 
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Deflection: 


time in field: Ax. ,, = v t , .. — > t , , = ■ 

field x field field 


Ax„ 


v. 


pJ7 pft ' Ay 

F - eE - ma — > a = — v =v o +aL d =0 + — 

v v _y v 0 j field 

m mv 


Screen: 

Ax 


= v < — > t 

screen x screen screen 


Ax, 


4y 


— vt —V 

screen y screen y 


Ax, 


Av, 


V 

screen y 


eE Ax, 


7721' . 


eE Ax, 


field 


Ax, 


mv 

x 

2eV 




E = 


. 2 Ay 777 — 

Ay 7721' x screen 

•x screen x rrl 


2VA y screen _ 2 (7200 V) (0. 1 1 m) 


Ax eAxv ,, Ax eAx r . . 

screen field screen field 


^sereen^field (0.22 m) (0.028 m) 


= 2.57 x 10 s V/m« 2.6x10 5 V/ 


m 


As a check on our assumptions, we calculate the upward distance that the electron would move while 
in the electric field. 

' 2 \2 \2 


2 a ytfK\& 0 2 | 

f eE ' 

1 

f Afield 1 


^ m J 

l V ) 


eE ( Ax, lelJ ) g(Ax, ield ) 


2m 


2eV 


V 777 


4F 


(2.97 x 10 5 V/ m ) (0.028 m) 2 


= 8.1x10 m 


4(7200 v) 

This is about 7% of the total 1 1 cm vertical deflection, and so for an estimation, our approximation is 
acceptable. 


68. The potential of the earth will increase because the “neutral” Earth will now be charged by the 
removing of the electrons. The excess charge will be the elementary charge times the number of 
electrons removed. We approximate this change in potential by using a spherical Earth with all the 
excess charge at the surface. 

1 A — \ /” /" AA 1 A 23 1 1 \ / 1 AAA 1 \ 

f;r(0. 00175m) 3 


f 1.602 x 10~ 19 C^ 

( 10 - A 

10 e 

^ 6.02 x 1 0 23 molecules 2 

f 1000 kg ^ 

l e ) 

V H,0 molecule y 

l 0.018kg J 

V m 3 J 


V = 


= 1203C 

1 0 


4/^0 ^Earth 


= (8.99 x 10 9 N*m 2 / C 2 ) 


1203 C 
6.38 x 10 6 m 


1.7 x 10 6 V 


69. The potential at the surface of a charged sphere is that of a point charge of the same magnitude, 
located at the center of the sphere. 

(l x 10~ 8 c) 


V = ■ 


1 q 

Aks 0 r 


= (8.99 x 10 9 N*m 2 /c 2 )- 


(0.15m) 


■ = 599.3 V 


600 V 
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70. 



71. Let d t represent the distance from the left charge to point b, and let d, represent the distance from 

the right charge to point b. Let Q represent the positive charges, and let q represent the negative 
charge that moves. The change in potential energy is given by Eq. 23-2b. 

d x =sfn 2 


14'cm = 18.44 cm 
1 


d. 


Mi 


4 + 24‘cm = 27.78 cm 


U b -U^=q(V b -Vj = q 


4 ns, 


Qq 


( 


4 


1 


Y e 1 e 


f Q | 0 Y 

^ 0.1 844 m 0.2778 m j 


^ 0.12 m 0.24 mj 


1 


1 


1 


0.1844 m 0.2778 m 


0.12m 0.24m 


- ( 8.99 x 10 9 N-m 2 /c 2 )(-1.5 x 10 6 c)(33 x 10~ 6 c)(-3.477nU' ) = 1.547 J : 


1.5 J 


72. (a) All eight charges are the same distance from the center of the cube. Use Eq. 23-5 for the 
potential of a point charge. 

1 


V = : 

center 


0 


4 ns V3 


16 1 Q 


yfh 4 7T£ q £ 


9.24- 


J_£ 

4 ns 0 £ 


0 MPi 

2 

(b) For the seven charges that produce the potential at a comer, three are a distance £ away from 
that comer, three are a distance s/lt away from that comer, and one is a distance V3£ away 
from that corner. 


V - 3 


l Q 1 

^ '3 


Q 


J Q_ 

4 ns £ 4 ns yfll 4 tts 0 V3 £ 


3- 


3 


1 


y/2 y/3. 


1 Q 


4 ks 0 £ 


i 5.70- 


_L Q 

4 ks q £ 

(c) The total potential energy of the system is half the energy found by multiplying each charge 
times the potential at a comer. The factor of half comes from the fact that if you took each 
charge times the potential at a comer, you would be counting each pair of charges twice. 


U = ±%(QV ) = 

2 \ ^ comer / 


„ 3 1 

4~2 + S 


1 0 2 


4 7T£ 0 £ 


224 


, 1 Q 2 

4ns 0 £ 
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73. The electric force on the electron must be the same magnitude as the weight of the electron. The 
magnitude of the electric force is the charge on the electron times the magnitude of the electric field. 
The electric field is the potential difference per meter: E - V/d . 

F e = mg ; F e = \q\E = eVjd — > eV / d - mg — > 

mgd _ (9.1 1 x 10 -31 kg) ( 9 . 80 m/ s 2 ) (0.035 m) 


V - ■ 


2.0 x 10 V 


e 1.60 x 10 C 

Since it takes such a tiny voltage to balance gravity, the thousands of volts in a television set are 
more than enough (by many orders of magnitude) to move electrons upward against the force of 
gravity. 


74. From Problem 59, the potential energy of a configuration of four 
1 


charges is U ■ 


, 2,03 , 0,04 , 0303 , 0304 , 030 ^ 


4 7ts n 


'0 V '12 '13 '14 '23 '24 '34 J 

Let a side of the square be £, and number the charges clockwise starting 
with the upper left comer. 

1 


Q^r £--<^20 

I ! 

n | £ 

1 1 

1 


u=- 


/ 0 , 03 , 003 , 004 , 0303 , 0304 , 0^4 ' 


4 ns, 


0 v 'l2 


©--£---6 


20 


-30 


j4 J 


4 ns, 


0(20) , 0(~30) , 0(20) (2g)(-3g) (2Q)(2Q) | (-30) (2g) 


o V 


Q 2 


4 7rs 0 t v 


£ -hi l £ yjl. £ 

1 ) , 9 2/ ,,(3.1x10- 6 C)V 1 

—j= - 8 = ( 8.99 x 10 N*nT/ C ) J -\ 

42 y ’ 0.080m \42 


-7.9 J 


75. The kinetic energy of the electrons (provided by the UV light) is converted completely to potential 
energy at the plate since they are stopped. Use energy conservation to find the emitted speed, taking 
the 0 of PE to be at the surface of the barium. 


KE . = PE r , 

initial final 


— > \mv~ = qV — > 


2qV _ 


'- 1 . 60 xl(T 19 c) 

(-3.02 V) 

1 m ^ 

1 

9.1 1 x 1CT 31 

kg 


1.03 x 10 6 m/s 


76. To find the angle, the horizontal and vertical components of the velocity are needed. The horizontal 
component can be found using conservation of energy for the initial acceleration of the electron. 
That component is not changed as the electron passes through the plates. The vertical component 
can be found using the vertical acceleration due to the potential difference of the plates, and the time 
the electron spends between the plates. 

Elorizontal: 


PE i„ lt al = KE final 


qV = \mv 2 x 


t ^ 
v 


Vertical: 


F e = qE , = ma - m 


( V r"V) 


-» v = ■ 


qEt qE y Ax 


m 


mv , 
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Combined: 


qE Ax 

v mv qE Ax 

tan 9 = — = — = — l y~ 

v v mv 2 

XX X 


6 - tan -1 0.1 136 = 


6.5° 


qE Ax E Ax 

1 y _ y 

2 qV ~ 2V 


' 250V N 
v 0.013m y 


(0.065 m) 


2(5500 V) 


0.1136 


77. Use Eq. 23-5 to find the potential due to each charge. Since the triangle is 
equilateral, the 30-60-90 triangle relationship says that the distance from a 

comer to the midpoint of the opposite side is 43l/2. 

1 (-e). + J_ He), i (e) _ i 




4 KS n 12 


(-36) + 1 


4 7t£ 0 1/2 


4 its, V3£/2 


4tts 0 l 


2 Q( 1 ^ 

-4 -i — 7 = 

v3 


Q 

rvLol 

KSJI 

l 6 J 






l 


(-e) + . i 


(e) + . i 


(-36) 


i 6g 

4/re 1 ,, f/2 4;re 0 £/2 4^f 0 V3£/2 4 ^£- 0 Vif 

l (fi) + l (-3g) l (-2) _ l 22 


V32 


2ks1 


4 7ts 0 1/2 


(-36). + . 1 


4 ^ f 0 £/2 4^ 0 4 ?> l ./2 


4 ns Q £ 



+e 


i 1 ^ 

2 + H= 


Q 

Ml 

v v/3 ) 


nsJL 

l 6 J 


78. Since the E-field points downward, the surface of the Earth is a lower potential than points above the 
surface. Call the surface of the Earth 0 volts. Then a height of 2.00 m has a potential of 300 V. We 
also call the surface of the Earth the 0 location for gravitational PE. Write conservation of energy 
relating the charged spheres at 2.00 m (where their speed is 0 ) and at ground level (where their 
electrical and gravitational potential energies are 0 ). 


"^"initial “^filial 


2 9 ^ 

— > mgh + qV - | mv 1 — > v - J2 1 g /7 + 4 — 

m J 


v, - .12 


(9.80m/s 2 ) (2.00 m) 


(4.5 x 10 4 C)(300 V) 
(0.340 kg) 


v = 


= 2 


(9.80 m/s 2 ) (2.00 m)- 


(-4.5 x 10 _4 c)(300 V) 
(0.340 kg) 


= 6.3241 m/s 
= 6. 1972 m/s 


- v = 6.3241m/s -6. 1972 m/s = 0.13m/s 


|79.| (a) The energy is related to the charge and the potential difference by Eq. 23-3. 


1.2 x 10 v 


A U 4.8x10 J 

AU = qAV -> AV = 

q 4.0C 

( b ) The energy (as heat energy) is used to raise the temperature of the water and boil it. Assume 
that room temperature is 20°C. 

2 = me AT + mL { — » 
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80. Use Eq. 23-7 for the dipole potential, and use Eq. 23-9 to determine the electric field. 

x 



Notice the — dependence in both components, which is indicative of a dipole field. 
r 


81. (a) Since the reference level is given as V= 0 at r = go, the potential outside the shell is that of a 
point charge with the same total charge. 


1 

Q 

1 Pe ( 3 ^ r 2 3 ) 

Pe (f -f’) 

4^o 

r 

4 7te a r 

3^0 r 


Note that the potential at the surface of the shell is V - — — r 2 — — . 

^ 3*0 l r 2 ) 

(/;) To find the potential in the region t\ <r < r 2 , we need the electric field in that region. Since the 
charge distribution is spherically symmetric, Gauss’s law may be used to find the electric field. 

1 2_,_ 1 


(j)E*r/A = E [\nr 2 ) = ■ 


4 7ts 0 r 4 7T£ 0 


3s 0 r 


The potential in that region is found from Eq. 23-4a. The electric field is radial, so we integrate 
along a radial line so that E>c / i = Edr. 

r r r ( 3_ 3\ r / 3 A f 3 V 

K-K 2 =-V'M = - Edr = - = (r-\ dr = \r 2 ^ 


3s 0 r 


V =V + 


— jr 2 + — 


2L l r 2 -±r 2 --±- 

2 2 2 


IL 1 2_1 2_lfL 

2 2 6 3 


, ?! < / <r 2 
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(c) Inside the cavity there is no electric field, so the potential is constant and has the value that it 
has on the cavity boundary. 


, r < r x 


The potential is continuous at both boundaries. 


Pe 

f 

1 2 1 2 1 r 1 


Pt ( 2 2 \ 

£ 0 

2 z 6 M 3 

l r i J 


~ r . ) 

2 ^0 


82. We follow the development of Example 23-9, with Figure 23-15. The charge density of the ring is 

f „ \ 


nR]-n{\ R 0 ) 
4Q 


4 Q 

3 kr: 


. The charge on a thin ring of radius R and thickness dR is 


dq — crdA - -(2n RdR) . Use Eq. 23-6b to find the potential of a continuous charge 


3 nR, 


distribution. 


V = = J_ f 

A rro " v Arrc * 


, InRdR ) R 

5 3 ttRl 2(Q ) 


r 4 ns 0 4 


sjx 2 +R 2 


R 


i Jx 2 +R 2 


dR = 


2 Q 


3s 0 7tR- 


(x 2 +R 2 )' 


2 Q 


3^0 x R 0 


X z + R : - yjx 2 +y^o) 


83. From Example 22-6, the electric field due to a long wire is radial relative to the wire, and is of 


magnitude E - 


1 A 

2k£ 0 R 


If the charge density is positive, the field lines point radially away from the 


wire. Use Eq. 23-41 to find the potential difference, integrating along a line that is radially outward 
from the wire. 




2ns 0 R 


A 


In— 

2ns 0 

R 

a 


84. (a) We may treat the sphere as a point charge located at the center of the field. Then the electric 
field at the surface is E 


J surface ^7, and the potential at the surface is E iifacc = — . 

4ns n r: s 4 ns n r„ 


V 


1 0 


4 ns,, r„ 


— E r = E 

surface 0 breakdown 


6 x 10 V 


(b) K u 


i Q 

4ns 0 r 0 


-> Q = (4ns 0 )r 0 E su 


r 0 = (3 x 10 6 V/ m )(0.20m) 


(0.20m)(6xl0 s v) 

4 } —4y = 1.33xlO- 5 C: 

(8.99 x 10 9 N*m'/C 2 ) 


1 x10 C 


|85.| (a) The voltage at x — 0.20 m is obtained by inserting the given data directly into the voltage 
equation. 


V (0.20m) = 


B 


150 V*m 


(. x 2 + R 2 y r(0.20m) 2 + (0.20m) 2 


23 kV 
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(. b ) The electric field is the negative derivative of the potential. 

d 


(0 


®W=- 


dx 


B 


(. x 2 +R 2 ) 


1 = 


4Bx\ 


(x 2 +R 2 ) 


Since the voltage only depends on x the electric field points in the positive x direction. 
Inserting the given values in the equation of part ( b ) gives the electric field at x = 0.20 m 

4(l50V-m 4 )(0.20 m) i 


E( 0.20 m) = 


(0.20m) 2 + (0.20m) 2 


2.3 xlO 5 V/mi 


86 . 


Use energy conservation, equating the energy of charge -q x at its initial position to its final position 

at infinity. Take the speed at infinity to be 0, and take the potential of the point charges to be 0 at 
infinity. 


initial ^"filial 


-> 


"^initial ^initial ^ final final 


a mv o + {~q x )V MtXaX = j mv 2 nal + (~q,)V f 


point 


final 

point 


1 2 
7 mv o 


+(-?i) 


1 2<? 2 
^ nE o \la 2 +b 2 


= 0 + 0 



i 

q,q 2 

i 

mns 0 

Ja 2 + b~ 


87. (a) From the diagram, the potential at x is the potential of two 
point charges. 


-q 


V 

exact 


l 


4/r<y, 


q 


+ - 


1 


4 ns a 


\x-d ) 4 7t£ 0 

n 

2 qd 


' -q 

yX + d 


^kd ^ 


+q 


^ d ^ 

< x- 


-©- 


-> 


^x 2 - d 1 ) 


, <7 = 1.0 x 10 C, r/ = 0.010 m 


( b ) The approximate potential is given by Eq. 23-7, with 6 = 0, p - 2 qd, and r - x. 


approx 4ns, x 2 

To make the difference at 
small distances more 
apparent, we have plotted 
from 2.0 cm to 8.0 cm. 

The spreadsheet used for 
this problem can be found 
on the Media Manager, with 
filename 

“PSE4_ISM_CH23.XLS,” 
on tab “Problem 23.87.” 
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3. The electric field can be determined from the potential by using Eq. 23-8, differentiating with respect 
to x. 


E (*) = - 


dV (x) d 


Q 


dx dx 2 ft£ 0 R 2 L 

0 

1 X 

2neX 

[ U' < K) J 




- X 


2ns a R; 


i(- v + K ) u ~(2 X )-i 


Express V and E in terms of x/R 0 . Let X - x/R 0 


r W = 


2 nsJE L 




- x 


2 Q 


47T£ 0 r 0 


X 2 + l-X 


(8.99 x 10 9 N-mVc 2 ) 2 ^ 5 '^ 10 °^ y/x 2 + l - X j = (8.99 x 10 5 v)(x/x 2 +1 - x) 


E(x) = 


2tt£ q R 0 


1 -- 




2 Q 


4vs 0 R- 0 


1 - 


X 




, 9 2/ 2 \ 2(5.0 x 1(E 6 c) 

(8.99 x 10 9 N*m 2 / C 2 )— 

1 ' ’ (0.10m) 2 


1- 


+ 1 . 
X 


x/x 2 + 1 . 


(8.99 x 10 6 V/m) 


1- 


X 




+ 1 


The spreadsheet used for 
this problem can be found 
on the Media Manager, 
with filename 
“PSE4_1SM_CH23.XLS,” 
on tab “Problem 23.88.” 
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89. 


(a) If the field is caused by a point 

charge, the potential will have a graph 
that has the appearance of 1 Ir 
behavior, which means that the 
potential change per unit of distance 
will decrease as potential is measured 
farther from the charge. If the field is 
caused by a sheet of charge, the 
potential will have a linear decrease 
with distance. The graph indicates 
that the field is caused by a point 
charge. The spreadsheet used for this problem can be found on the Media Manager, with 
filename “PSE4_ISM_CH23.XLS,” on tab “Problem 23.89a.” 

(. b ) Assuming the field is caused by a point charge, we assume the charge is at x = d , and then the 

potential is given by V - — — . This can be rearranged to the following. 

4 7T£ 0 X-d 



► 


1 












> 







So. 




1 


* < 

> < 

► . 

» J 

Ja.v 









J 

0 

0. 

0 1. 

.0 2. 

.0 3. 

.0 4. 

.0 5. 

x(cm' 

0 6. 

) 

0 7. 

0 8. 

0 9. 


v = 


1 


X - 


Arcs,, x-d 
+ d 


-» 


'0 

1 0 


V 4 rcs a 

If we plot x vs. — , the slope is 
V 
n 

-, which can be used to 


Arcs,, 


determine the charge, 
slope = 0.1392m*V 


4.7/: 



0.000 0.200 0.400 0.600 0.800 1.000 

l/V (V 1 ) 


-> 


Q = Arcs 0 (0.1392m*V) 


(0.1392m-V) 
(8.99 x 10 9 N*m 2 /c 2 ) 


1.5 x Kr u C 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH23.XLS,” on tab “Problem 23.89b.” 


(c) 


From the above equation, the y intercept 
charge is located at x-d - -0.0373 m « 


of the graph is the location of the charge, d. So the 
3.7 cm from the first measured position . 
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Responses to Questions 

[T] Y es. If the conductors have different shapes, then even if they have the same charge, they will have 
different charge densities and therefore different electric fields near the surface. There can be a 
potential difference between them. The definition of capacitance C = Q/V cannot be used here 
because it is defined for the case where the charges on the two conductors of the capacitor are equal 
and opposite. 

2. Underestimate. If the separation between the plates is not very small compared to the plate size, then 
fringing cannot be ignored and the electric field (for a given charge) will actually be smaller. The 
capacitance is inversely proportional to potential and, for parallel plates, also inversely proportional 
to the field, so the capacitance will actually be larger than that given by the formula. 

3. Ignoring fringing field effects, the capacitance would decrease by a factor of 2, since the area of 
overlap decreases by a factor of 2. (Fringing effects might actually be noticeable in this 
configuration.) 

4. When a capacitor is first connected to a battery, charge flows to one plate. Because the plates are 
separated by an insulating material, charge cannot cross the gap. An equal amount of charge is 
therefore repelled from the opposite plate, leaving it with a charge that is equal and opposite to the 
charge on the first plate. The two conductors of a capacitor will have equal and opposite charges 
even if they have different sizes or shapes. 

5. Charge a parallel-plate capacitor using a battery with a known voltage V. Let the capacitor discharge 
through a resistor with a known resistance R and measure the time constant. This will allow 
calculation of the capacitance C. Then use C = soA/d and solve for s 0 - 

6. Parallel. The equivalent capacitance of the three capacitors in parallel will be greater than that of the 
same three capacitors in series, and therefore they will store more energy when connected to a given 
potential difference if they are in parallel. 

[ 7 ] If a large copper sheet of thickness l is inserted between the plates of a parallel-plate capacitor, the 
charge on the capacitor will appear on the large flat surfaces of the copper sheet, with the negative 
side of the copper facing the positive side of the capacitor. This arrangement can be considered to be 
two capacitors in series, each with a thickness of \{d - £). The new net capacitance will be 

C = s 0 A/(d - (.), so the capacitance of the capacitor will be reduced. 

8. A force is required to increase the separation of the plates of an isolated capacitor because you are 
pulling a positive plate away from a negative plate. The work done in increasing the separation goes 
into increasing the electric potential energy stored between the plates. The capacitance decreases, 
and the potential between the plates increases since the charge has to remain the same. 

9. (a) The energy stored quadruples since the potential difference across the plates doubles and the 

capacitance doesn’t change: U -\CV 2 . 

( b ) The energy stored quadruples since the charge doubles and the capacitance doesn’t change: 
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(c) If the separation between the plates doubles, the capacitance is halved. The potential 

difference across the plates doesn’t change if the capacitor remains connected to the battery, so 

the energy stored is also halved: U - j-CV 2 . 

10. (c) If the voltage across a capacitor is doubled, the amount of energy it can store is quadrupled: 

U = }CV 2 . 


1 1 . The dielectric will be pulled into the capacitor by the electrostatic attractive forces between the 
charges on the capacitor plates and the polarized charges on the dielectric’s surface. (Note that the 
addition of the dielectric decreases the energy of the system.) 

12. If the battery remains connected to the capacitor, the energy stored in the electric field of the 
capacitor will increase as the dielectric is inserted. Since the energy of the system increases, work 
must be done and the dielectric will have to be pushed into the area between the plates. If it is 
released, it will be ejected. 


13. 


(a) 

(b) 


If the capacitor is isolated, Q remains constant, and U = \ 


QL 

c 


becomes U 


Q 

= | and the 

‘ KC 


stored energy decreases. 

If the capacitor remains connected to a battery so V does not change, U -j-CF 2 becomes 
U' = fKCV 2 , and the stored energy increases. 


14. For dielectrics consisting of polar molecules, one would expect the dielectric constant to decrease 
with temperature. As the thermal energy increases, the molecular vibrations will increase in 
amplitude, and the polar molecules will be less likely to line up with the electric field. 

15. When the dielectric is removed, the capacitance decreases. The potential difference across the plates 
remains the same because the capacitor is still connected to the battery. If the potential difference 
remains the same and the capacitance decreases, the charge on the plates and the energy stored in the 
capacitor must also decrease. (Charges return to the battery.) The electric field between the plates 
will stay the same because the potential difference across the plates and the distance between the 
plates remain constant. 

16. For a given configuration of conductors and dielectrics, C is the proportionality constant between the 
voltage between the plates and the charge on the plates. 

17. The dielectric constant is the ratio of the capacitance of a capacitor with the dielectric between the 
plates to the capacitance without the dielectric. If a conductor were inserted between the plates of a 
capacitor such that it filled the gap and touched both plates, the capacitance would drop to zero since 
charge would flow from one plate to the other. So, the dielectric constant of a good conductor would 
be zero. 


Solutions to Problems 


[l] The capacitance is found from Eq. 24- 1 . 


Q 2.8 x 10 C 6 

Q = CV C = — = = 3.0 x 1(T 6 F = 

V 930V 


3.0//F 
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2 . 


We assume the capacitor is fully charged, according to Eq. 24-1. 


Q = CV = (l2.6 x 1CT 6 f)(12.0 V) 


1.51 x KU*C 


3. The capacitance is found from Eq. 24-1. 

Q 75 x 1(T 12 C ,, 

Q - CV -> C = — = = 3.1xl(T 12 F = 

V 24.0V 


3.1pF 


4. Let Q t and V t be the initial charge and voltage on the capacitor, and let Q 1 and V 2 be the final 

charge and voltage on the capacitor. Use Eq. 24-1 to relate the charges and voltages to the 
capacitance. 

Q,=CV, q 2 =cv 2 q 2 -q 1 =cv 2 -cv 1 =c(v 2 -v 1 ) 

Q.-Q. 26 x 1(T 6 C v 

C = ^2 ^1 = = 5.2 X 1(L 7 F = 

V,-V, 50 V 


0.52//F 


5. After the first capacitor is disconnected from the battery, the total charge must remain constant. The 
voltage across each capacitor must be the same when they are connected together, since each 
capacitor plate is connected to a corresponding plate on the other capacitor by a constant-potential 
connecting wire. Use the total charge and the final potential difference to find the value of the 
second capacitor. 

Q^=C t V } Q x = cy nmX q 2 = C 2 V fmal 


initial final final 

2™ =2, + 2 2 =(c 1 + c 2 )u fmal ^ 

final final 

fV, 


cy , : =(c,+c 2 )u fir 




c 2 = c, 


1 

initial 


V R , 


-1 


V 


= (7.7,10-F) “X-l 


15V 


= 5.6 x 1CT 5 F = 


56//F 


J 


6. The total charge will be conserved, and the final potential difference across the capacitors will be the 
same. 


2 0 = 2, + 2 2 ; v i = v 2 = % = 01 


2 c 2 


c. 


2 2 = 2 0 ~ 2 , = 2 0 ~ 2 0 

„ c, 


c, 


c l + c 2 



r c 2 ^ 

Qi = 2 0 


I 2 +c 2 J 


v^v 2 ^= C ‘ + C - 
c. c, 


V - ■ 


Qo 


c l + c 2 


2, =2, Cl 


c, + c 2 


|7] The work to move the charge between the capacitor plates is W = q V, where V is the voltage 
difference between the plates, assuming that q Q so that the charge on the capacitor does not 
change appreciably. The charge is then found from Eq. 24-1. The assumption that q Q is justified. 


W — qV — q 


C 


Q = 


CW _ (!5pF)(l5J) 


q 


0.20 mC 


l.lC 
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8. (a) The total charge on the combination of capacitors is the sum of the charges on the two 

individual capacitors, since there is no battery connected to them to supply additional charge, 
and there is no neutralization of charge by combining positive and negative charges. The 
voltage across each capacitor must be the same after they are connected, since each capacitor 
plate is connected to a corresponding plate on the other capacitor by a constant-potential 
connecting wire. Use the total charge and the fact of equal potentials to find the charge on each 
capacitor and the common potential difference. 

0, =c l v 1 Q 2 =C 2 V 2 <2, = C,F final <9 2 = c 2 v Bml 

initial initial initial initial final final 

0Total = Q\ +Ql = Ql + Ql = C lf + f f = f final + Q final “+ 

initial initial final final initial initial 


final 


C,f +C 2 V 2 

initial initial 


Ci + C 2 


(2.70 x 10~ 6 f) 

(475 V) + | 

(4.00x10~ 6 f) 

(525V) 

1 

(6.70x10~ 6 f) 

1 


= 504.85 V 


505V 


= V = V 
Y 1 Y 2 


1.36 xlO” 3 C 


2.02 x 10 C 


0, =C 1 U fmal =(2.70xl0- 6 F)(504.85V) = 

final 

0 2 =C 2 f„a, =( 4.00xl0- 6 F)(504.85V) = 

final 

( b ) By connecting plates of opposite charge, the total charge will be the difference of the charges on 
the two individual capacitors. Once the charges have equalized, the two capacitors will again 
be at the same potential. 

0, =c,f q 2 =c 2 v 2 q ! =c l F Bml q 2 =c/ llnal 


initial initial initial 


initial final 


^Total 

Cl "ft 

= 0i 

+ 02 

ff -c 2 f 


initial initial 

final 

final 

initial initial 


— CVr- , + C^Vr- i — ^ 

1 final 2 final 


final 


C,f -C 2 V 2 

initial initial 


Cj + C 2 


(2.70 x 10~ 6 f) 

(475 V) -| 

[4.00 x 10~ 6 f) 

(525V) 

1 

(6.70x10~ 6 f) 

1 


= 122.01V 


120V 


= v = v 

'1 v 2 


Q = f final = (2.70 X 10 6 F) (122.01 V) = 

final 

a = afnal = (4.00 x 10” 6 f)(122.01 V) = 


3.3 x lO^C 


'2 

final 


4.9 x lO^C 


9. 


Use Eq. 24-1. 

A Q = CAF 


A Q 

AQ/At 


CAV 

AQ/At 


(1200F)(6.0V) 
1.0 x 10 -3 C/s 


7.2 x 1 0 6 s 


' Id N 

v 86,400s y 


83d 


10. (a) The absolute value of the charge on each plate is given by Eq. 24- 1 . The plate with electrons 
has a net negative charge. 

Q = CV -> N(-e) = -CV 
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N = 


CV (35 x 1CT 15 f)(1.5 V) 


= 3.281 xlO 5 


3.3 x 10' electrons 


e 1.60x10 C 

(. b ) Since the charge is directly proportional to the potential difference, a 1.0% decrease in potential 
difference corresponds to a 1.0% decrease in charge. 

A0 = 0.010 ; 


At = 


A Q _ 0.01 Q _ 0.01CV _ 0.0l(35 x10" 1s f)(1.5V) 


AQ/At AQ/At AQ/At 


0.30 x 10 C/s 


= 1.75s: 


1.8s 


11. Use Eq. 24-2. 

A _ Cd _ (0.40 x 10~ 6 f)( 2.8 x 10~’m) 

C — ^ A — — 

d s, 


= 126.6m 2 


0 (8.85xl0 _12 C 2 /N-m 2 ) 

If the capacitor plates were square, they would be about 1 1.2 m on a side. 


130m- 


12. The capacitance per unit length of a coaxial cable is derived in Example 24-2 
C 2 ns, 2^(8.85xlQ- 12 C 2 /N.m 2 ) 


l ln(R /R . ) ln(5.0mm/l.0mm) 

\ outside / inside / \ / / 


3.5 x 10~ u F/m 


13. | Inserting the potential at the surface of a spherical conductor into Eq. 24.1 gives the capacitance of a 
conducting sphere. Then inserting the radius of the Earth yields the Earth’s capacitance. 

Q 


c=2 = 


V (Q/4xs 0 r) 


■ Ansyr - 4/r(8.85 x 10 l2 F/m)(6.38 x 10 6 m) ■ 


7.10x10 F 



\ 


% 
n J 

r* 

JtL 

j 



T 


14. From the symmetry of the charge distribution, any electric field 
must be radial, away from the cylinder axis, and its magnitude 
must be independent of the location around the axis (for a given 
radial location). We assume the cylinders have charge of 
magnitude Q in a length l. Choose a Gaussian cylinder of 
length d and radius R, centered on the capacitor’s axis, with 
d <s: l and the Gaussian cylinder far away from both ends of 
the capacitor. On the ends of this cylinder, E _L dA and so 
there is no flux through the ends. On the curved side of the 
cylinder, the field has a constant magnitude and E || dA . Thus E*t/A = Ed A. Write Gauss’s law. 

= E(27tRd) = ^L 


Gaussian cylinder 
of radius R 


(ff> JWA = £ A . 

TT curved curved 


walls walls 

For R < R b , 

Q, ncl = 0 

For R> R , 

a ’ 

Q™ ci + ' 


E(2xRd)s 0 =0 — > E- 0. 
Y~d = 0 , and so Q end = 0 - 


E (27tRd) s 0 - 0 — > E = 0. 


15. We assume there is a uniform electric field between the capacitor plates, so that V = Ed, and then 
use Eqs. 24-1 and 24-2. 

Q = CV =s.—(E d) - s n AE - (8.85 x lCT 12 F/m)(6.8 x l(E 4 m 2 )(3.0 x 10 6 V/m) 

-^max max 0 ^ \ max / 0 max \ J \ J \ / J 


= 1.8xl0"*C 
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16. We assume there is a uniform electric field between the capacitor plates, so that V = Ed, and then 
use Eqs. 24-1 and 24-2. 

Q — CV — s 0 j(Ed) = s 0 AE = (8.85 xl0" 12 F/m)(21.0 x 10^m 2 )(4.80 x 10 5 V/m) 


1.92 x 10 9 C 


17. We assume there is a uniform electric field between the capacitor plates, so that V = Ed, and then 
use Eqs. 24-1 and 24-2. 


Q = CV = CEd -> E = — = 


92 x 1 0 C 


Cd (0.80 x 10 _6 f)(2.0 x 10 _3 m) 


5.8 x 10 4 V/ 


m 


18. (a) The uncharged plate will polarize so that negative 
charge will be drawn towards the positive capacitor 
plate, and positive charge will be drawn towards the 
negative capacitor plate. The same charge will be 
on each face of the plate as on the original capacitor 
plates. The same electric field will be in the gaps as 
before the plate was inserted. Use that electric field 
to determine the potential difference between the 


positive plate 


E 


A 

X 




A 

E 


d -x 

: ' ' 

’ ’ 

, y 


As 




negative plate 


two original plates, and the new capacitance. Let x be the distance from one original plate to the 
nearest face of the sheet, and so d-l-x is the distance from the other original plate to the 
other face of the sheet. 

Q{d-l-x) 


E = — = — ; V i =Ex = — ; V 2 =E(d-l-x) 
s 0 As n As „ 


'0 


' 0 


As ■ 


Qx Q(d — t — x) Q(d-t) Q 

AV = V, + V 2 = — + — 1 = — = — 

As 0 As 0 As 0 C 


= — -> c = 


A 


(d-l) 


A 


„ A „ A C„ . 

(b) c inil , a i = - ; C^=s ; — — 

d \d-l) C. mm] 


A 
£ ° d 


d 


1 


d-l d-0.40d 0.60 


1.7 


1 9. | (a) The distance between plates is obtained from Eq. 24-2. 

x 


s 0 A 


r _£ oA 

x C 

Inserting the maximum capacitance gives the minimum plate separation and the minimum 
capacitance gives the maximum plate separation. 

Sq A (8.85pF/m)(25 x 10~ 6 m 2 ) 


C 1000.0 x10~ 12 F 

max 

s A (8.85pF/m)(25 x 10~ 6 m 2 ) 


C 


1.0 pF 


= 0.22 jLtm 

= 0.22 mm = 220//m 


So 0.22 pm <x< 220 jum 
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( b ) Differentiating the distance equation gives the approximate uncertainty in distance. 


dx d 

Ax « AC = 

dC dC 


sj_ 

C 


s.A 

ac - — Vac. 

c 2 


The minus sign indicates that the capacitance increases as the plate separation decreases. Since 
only the magnitude is desired, the minus sign can be dropped. The uncertainty is finally written 
in terms of the plate separation using Eq. 24-2. 


Ax 


s n A 


sj_ 
V x 


-AC = 


x-A C 


s n A 


(c) The percent uncertainty in distance is obtained by dividing the uncertainty by the 
separation distance. 

Ax 


Ax 


x AC ( 0.22 //m)(0.1pF)( 100%) 

- x 100% = -= x 100% = V ’ ' n ’ 

£ o A 

x AC 

- x 100% = x 100% = 

s A 


(8.85pF/m) (25 mnfj 
(0.22mm)(0.1pF)(l00%) 
(8.85pF/m)(25 nim ! ) 


0.01% 


10% 


20. The goal is to have an electric field of strength E s at a radial distance of 5.0 R h from the center of the 

cylinder. Knowing the electric field at a specific distance allows us to calculate the linear charge 
density on the inner cylinder. From the linear charge density and the capacitance we can find the 
potential difference needed to create the field. From the cylindrically symmetric geometry and 

1 A 

Gauss’s law, the field in between the cylinders is given by E — . The capacitance of a 

2 ns 0 R 

cylindrical capacitor is given in Example 24-2. 

1 2 Q 

E(R = 5.0R h ) = - = E. -> A = 2ns (5.0R )E = — 

V b/ n n \ S 0 V bj S n 


2ns, (5.0 R b ) 


i 


Q = CV V = — = 

c 


2ns Ji l 

H R JK) 




2 ns „ 


= (5.0 R b )E s In (RjR b ) = [5.0(l.0 x 10 _4 m)](2.7 x 10 6 N/c)ln - 

v 1 ■ 


2ns 0 

0.100m ^ 


.0 x 10 4 m ) 


9300V 


21. To reduce the net capacitance, another capacitor must be added in series. 

111 C-C 

_ C, C, 


C 


C 2 = 


-> 


c c c, 


c,c 

1 eq 




C,C q (2.9 x 10 9 f) ( l.6 x 10 9 f) 


c, -c 


(2.9 x 10 9 f) — (l.6 x 10 _9 f) 


■ 3.57 x 10 F ; 


3600 pF 


|Yes| , an existing connection needs to be broken in the process. One of the connections of the original 
capacitor to the circuit must be disconnected in order to connect the additional capacitor in series. 


22. (a) Capacitors in parallel add according to Eq. 24-3. 

C q = C, + C 2 + C 3 + C 4 + C 5 + C 6 = 6 ( 3.8 X 10~ 6 f) = 


2.28 xIOV 


= 22.8//F 
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( b ) Capacitors in series add according to Eq. 24-4. 

( , < , , , , V 1 

C = 


111111 
— + — + — + — + — + - 


V C, C 2 
= 0.63 pF 


c c 


ft fty 


3.8 x 10" 6 F 


3.8 x 10” 6 F 


6.3 x 10” 7 F 


C, 




23. We want a small voltage drop across CV Since V - Q/C , if we put 
the smallest capacitor in series with the battery, there will be a large 
voltage drop across it. Then put the two larger capacitors in parallel, 
so that their equivalent capacitance is large and therefore will have a 
small voltage drop across them. So put C\ and C 3 in parallel with 
each other, and then put that combination in series with C 2 . See the 
diagram. To calculate the voltage across C \, find the equivalent 
capacitance and the net charge. That charge is used to find the 
voltage drop across C 2 , and then that voltage is subtracted from the battery voltage to find 
voltage across the parallel combination. 

c 2 (c 1 + c 3 ) 


c, 


the 


1 


1 

■ = — + - 


C C, 


1 

C, + C 3 


ft + ft + ft 

c 2 (c l + c 3 ) 


-» 


c = 

eq 


ft + c 2 + C 3 


Q =C V n 

■z-'-eq eq U 


ft 


K = — ■■ 
2 c 


: ft 


ft 


v = v - V = v - 

r 1 r 0 r 2 r 0 


c. 


■ = r 0 - 


C K 

eq 0 

C 


ft(ft+ft) 
= y _ ft + ft + ft 


K 


ft 


C„ 


c, + ft + c 3 


-K = 


1.5//F 

6.5//F 


(12V) 


= 2.8V 


24. The capacitors are in parallel, and so the potential is the same for each capacitor, and the total charge 
on the capacitors is the sum of the individual charges. We use Eqs. 24-1 and 24-2. 

Q = cy = £ 0 ^-V ;ft = C 2 V = £q ^v-q 3 = C 3 V = s 0 ^V 


Q toal =Q i +Q 2 +Q 3 = £o^v +£o ^v +£o ^v = 


A , ft , „ ft 


V u \ 


£ 0 t ~ £ 0 + £ 0 

d, d, d 


V 


3 J 


c . = 


A A A 

A A °d } ; 


v 


r 


V 


V 


A , , A 


£ — + £ ^ + £ — 
v A °d 2 °d 3j 


= c 1 + c 2 + c 3 


|25.| Capacitors in parallel add linearly, and so adding a capacitor in parallel will increase the net 
capacitance without removing the 5.0 //F capacitor. 


5.0//F + C = 16//F — » C = 1 1 pF connected in parallel 


26. (a) The two capacitors are in | parallel | . Both capacitors have their high voltage plates at the same 
potential (the middle plate), and both capacitors have their low voltage plates at the same 
potential (the outer plates, which are connected). 

(. b ) The capacitance of two capacitors in parallel is the sum of the individual capacitances. 


C = C 1 + C 2 =^ + ^ 
- d } d 2 



^ ft + d 2 ^ 

^ 1^/2 J 
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( c ) Let t-d x +d 2 — constant. Then C = 


At 


d x d 2 d l (t-d l ) 


s At 

. We see that C — > oo as d, — > 0 or 


c/, — > ^ (which is d 2 — > 0 ). Of course, a real capacitor would break down as the plates got too 


close to each other. To find the minimum capacitance, set 


dC 
d (d t ) 


= 0 and solve for d, . 


dC 


d 


s 0 At 


.^t SLHL = o 


did,) d{d,)[d,l-d'A ” (d,t-d;) 

N 

t 

MM. 


d x -\t = d 2 


C — s n A 

min 0 


f d x +d A 

V d x d 2 y rf=i£ 


= s,A 


= *o A 


(-] 

vU 


= *o A 


f 4 ^ 

yd j + d, j 


4 s, A 

C . 2 — ; C = go 

min j j ’ max 

a x +a 2 


27. The maximum capacitance is found by connecting the capacitors in parallel. 


C =C, +C, +C = 3.6 xl(T 9 F + 5.8 xl(T 9 F + 1.00 xl(T 8 F = 

max l 2 J 


1 .94 x 1 0 8 F in parallel 


The minimum capacitance is found by connecting the capacitors in series. 

1 1 1 


C = 


r \ 1 lV ^ 
— + — + — 


v Q Q Q y 


3.6 x 10 9 F 5.8 x 10 9 F 1.00 x10~ 8 F 


V 

y 


1.82 x 10 9 F in series 


28. When the capacitors are connected in series, they each have the same charge as the net capacitance. 

f \ i V 1 


(«) Q l =Q 2 =Q ai =C ai V = 
= 2.769x10^0 


'- + - V * 
yC, C 2j 


V = 


1 


- + - 


V0.50 x 10~ 6 F 0.80 x10 _6 F; 


(9.0V) 


G 2.769 x 10 C 

V= — = — = 5.538 V i 

C, 0.50 x 10~ 6 F 


5.5V 


Q . , 2.769 x 10 C 

F = — = — = 3.461V: 

‘ C 2 0.80 x lO^F 


3.5V 


(b) Q x =Q 2 = Q„ = 2.769 X 10^0 : 


2.8 x 10C 


When the capacitors are connected in parallel, they each have the full potential difference. 

Q, = C X V X =(0.50x10~ 6 f)(9.0V) = | 


(c) V x = 


9.0 V 




9.0V 


4.5 x 10 C 


Q 2 =C 2 V 2 = (0.80x10~ 6 f)(9.0V) = 


7.2x10 C 


29. (a) From the diagram, we see that C\ and C2 are in series. That combination is in parallel with C3, 
and then that combination is in series with C 4 . Use those combinations to find the equivalent 
capacitance. We use subscripts to indicate which capacitors have been combined. 

— = — + — -» C 12 = |C ; C 123 = C 12 +C 3 =fC + C = fC ; 

1112 15 

1 — 1 — - — — > C 1234 - 

C 1234 C 123 C 4 3C C 3C 
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( b ) 


The charge on the equivalent capacitor C 1234 is given by Q m4 - C 1234 V - f CV. This is the 
charge on both of the series components of C 1234 . 

O =±CV = C V — — CV —> V --V 

^123 5 ^ r ^I23 r 123 2 ^ v 123 ^ r 123 5 v 


Q 4 =J cv = c 4 v 4 -> F 4 =fF 

The voltage across the equivalent capacitor C 123 is the voltage across both of its parallel 
components. Note that the sum of the charges across the two parallel components of C 123 is the 
same as the total charge on the two components, f CV. 

V m =^V = V l2 ; Q l2 =C 12 V 12 =(jC)(jV) = jCV 

= K ; Q = c 3 v 3 = c(jv)=jcv 


Finally, the charge on the equivalent capacitor C 12 is the charge on both of the series 
components of C 12 . 

Qn=lCV = Q l =C 1 V 1 -> V 1= jV ; Q 12 =jCV = Q 2 =C 1 F 2 -> V 2 =jV 
Flere are all the results, gathered together. 


Q 1 =Q 2 =jCV ; Q 3 =jCV ; Q 4 =jCV 

r 1 = K=jV ; v 3 =±v ; v 4 = jv 


30. Ci and C 2 are in series, so they both have the same charge. We then use that charge to find the 

voltage across each of Ci and C>. Then their combined voltage is the voltage across C 3 . The voltage 
across C 3 is used to find the charge on C 3 . 


Q 12.4 uC 

2, = & = 12.4//C ; V t = ^ = — f- = 0.775 V 
C, 16.0//F 




Q 2 12.4//C 


= 0.775 V 


C 2 16.0//F 

V 3 =V l +V 2 = 1.55V ; Q } = C/ 3 = (l6.0//F)(l.55V) = 24.8//C 

From the diagram, C 4 must have the same charge as the sum of the charges on Ci and C 3 . Then the 
voltage across the entire combination is the sum of the voltages across C 4 and C 3 . 


Q 4 = Q, + Q 3 = 12.4//C + 24.8//C = 37.2//C 


O a 37.2 uC 

C = — = 1.31V 

C 4 28.5//F 


F ab =F 4 +F 3 =1.31V + 1.55V = 2.86V 
Flere is a summary of all results. 

0, = £ = 12.4//C ; 0 3 = 24.8//C ; 0 4 = 37.2//C 

F; =r 2 = 0.775V; F, = 1.55V; F 4 = 1.31V; F b = 2.86V 


|31.| When the switch is down the initial charge on C 2 is calculated from Eq. 24- 1 . 

Q 2 = c 2 v 0 

When the switch is moved up, charge will flow from Q> to Ci until the voltage 
across the two capacitors is equal. 

j/=22 - = 9l Q'=Q ,C CL 

C 2 C, 2 C, 

The sum of the charges on the two capacitors is equal to the initial charge on C 2 . 
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Q 2 = Q[+Q[ = Q[^ + Q[ = Ql 


r c 2 + c^ 


c 


i j 


Inserting the initial charge in terms of the initial voltage gives the final charges. 

( r + C ^ 

Q[ =C 2 V 0 Q[ 


c, 


I J 




C 2 + c, 


K 




C: 


c 2 + c 


-K 


32. (a) From the diagram, we see that C\ and Cf are in parallel, and 
C 3 and C 4 are in parallel. Those two combinations are then in 
series with each other. Use those combinations to find the 
equivalent capacitance. We use subscripts to indicate which 
capacitors have been combined. 

r -C +c ■ c =c +c 


1 1 


c c 

^1234 '-'12 


c. 


c 1 + c 2 


C 3 + C4 


-» 



r = 

^1234 


(c 1 + c 2 )(c 3 + c 4 ) 


(Cj + C 2 + C 3 + C 4 ) 



(. b ) The charge on the equivalent capacitor C 1234 is given by Q m4 = C m 4 V. This is the charge on 

Fat V n + V 34 = V. 

(c, + c 2 )(c 3 + c 4 ) 


both of the series components of C 1234 . Note that V n + V 34 = V . 


Qn = c m4 v = c n v ]2 


v C ' 234 V ( C l +C 2 +C 3 + C l) y 


(Q + Q) 


c„ 


c, +c 


(c, + c 2 )(c 3 + c 4 ) 


C n (C, + Cr. + C, + C . ) 

O =C V = CV — > V =— = — ^-V = 

*^34 ^ 1234 ' '-' 34*34 ^ V 34 V V 


{Ci + C 2 +C 3 + C 4 ) 

(c t + c 2 ) 


V 


V 


C 34 C 3 + C 4 (Cj + C 2 + C 3 + C 4 ) 

The voltage across the equivalent capacitor C 12 is the voltage across both of its parallel 
components, and the voltage across the equivalent C 34 is the voltage across both its parallel 
components. 


Vn = 


( c 3 +c 4 ) 

Vi=V 2 - 7 — zV 

- (C, +C 2 +C 3 + C 4 ) 


cy = 


a 


C t (C 3 + C 4 ) 

(c, +C 2 + C 3 +C 4 ) 


V 


■ C V - 

, 2 


Q (Q + Q) 

(^1 + C 2 + C3 + C 4 ) 


V 




(c, +c.) 

^=^2=7 — ZV 

- (c 1 + c 2 + c 3 + c 4 ) 


C 3 U 3 = 


a 


Cj (c, + C , ) 

(c, +C 2 + C 3 + C 4 ) 


V 


■ r V - 

’ ^4 V 4 


C 4 (c, + C 2 ) 
(C l +C 2 +C 3 + C 4 ) 


V 
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33. ( a ) The voltage across C3 and C4 must be the same, since they are in parallel. 

v 3 =v 4 -> ^=— -> e 4 =e 3 — =( 23 /iC)^- 

^ ^ 0 v ' 8//F 


c c 

'-'3 V -'4 


46//C 


The parallel combination of C3 and C4 is in series with the parallel combination of C\ and C2, 
and so Q 3 + Q 4 - Q { + Q v That total charge then divides between C\ and C3 in such a way that 


V = V 
' 1 ' 2’ 


Q, + Q 2 - Q 3 + Q 4 - 69 /jC ; V l - V 2 — > 


0 04 69//C-0, 


C, C, 


C. 


g, = C ‘ - (69/tC) = 8 ' Q/YF (69//C) = 23//C 1 ; g 2 = 69//C-23//C = I46//C 


0 + 0 


24.0//F 


Notice the symmetry in the capacitances and the charges. 
(. b ) Use Eq. 24-1. 


G 23//C 

V l =^- = —?— = 2.S75V> 


C, 


1.0//F 


2.9V 


r= a = 23//C 


C 


?.0//F 


= 2.875 V : 


2.9 V 


■ V = V - 

■ v = V - 

’ r 4 V 3 


2.9 V 


2.9 V 


(c) V ba -V t + V 3 - 2.875 V + 2.875 V = 5.75V ; 


5.8V 


34. We have C p = C, + C 2 and — = — + Solve for C, and C 2 in terms of C p and C s . 

05 Q 02 


C D 


1 1,1 1 , 1 ( 0 - 0)+0 

0 0 0 0 0 ~ 0 0 (0 “ 0 ) 0 (0 ~ 0 ) 


-> 


c D 


0 0(0 0 ) 


> C { — 00 + 00 _ 0 ^ 


c, =- 


0 ± sjc 2 p - 4C P 0 _ 35.0//F ± y(35.0//F) 2 - 4 (35.0//F) (5.5//F) 
2 2 
= 28.2//F, 6.8//F 

0=0-0= 35.0//F - 28.2//F = 6.8//F or 35.0//F - 6.8//F = 28.2//F 
So the two values are 28.2//F and 6.8//F 


35. 


Since there is no voltage between points a and b, we can imagine there 
being a connecting wire between points a and b. Then capacitors 0 and 
C2 are in parallel, and so have the same voltage. Also capacitors C3 and 
C x are in parallel, and so have the same voltage. 


V = V 

' 1 2 


. v =v ^ = ^ 

0 0 ’ 3 x 0 0 


Since no charge flows through the voltmeter, we could also remove it 
from the circuit and have no change in the circuit. In that case, 
capacitors C\ and C x are in series and so have the same charge. 
Likewise capacitors C2 and C3 are in series, and so have the same 
charge. 


a 
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0 .= 0 , ; 0 2 = 0 3 

Solve this system of equations for C x . 

= -> c = C 3 — = C 3 — = C 3 — = (4.8//F) f 8 ' 9//F 

C 3 c 1 Q 3 3 a 3 C 2 \iS.0 M f) l 


36. The initial equivalent capacitance is the series combination of the two individual capacitances. Each 
individual capacitor will have the same charge as the equivalent capacitance. The sum of the two 
initial charges will be the sum of the two final charges, because charge is conserved. The final 
potential of both capacitors will be equal. 


1 1 1 

— 1 — ^ 

c c c 

'-'eq '"'I ^2 

c c c c 

C = — ; Q =C V = — '-^—V = 

eq c, + c 2 eq eq 0 C, + C 2 0 


0, +Q 2 =20 ; V l =V 2 -> 


(3200pF)(1800pF) 

5000 pF 

0, Q 2 2 Q cq -Q x 

final final final ^ 

C~C~ C 


0, = 2-^-0 eq = 2^^(l3,824pC) = 17, 695 pC * | l.8x!0^C 

final + C^2 jUUUpT 

Q 2 =2Q -Q, = 2 ( 1 3, 824 pC) - 1 7, 695 pC = 9953 pC » |l .0 x 1 0~ 8 C 


(a) The series capacitors add reciprocally, and then the parallel combination is found by adding 
linearly. 


1 1 


c =c,+ — +— =C,+^^^+^- 

Iq cj { C 2 C 3 C 2 C 3 


c a 


\rJZ±£.V 


„ c,c, 

= C. + — L - L - 
c 2+ c 3 


( b ) For each capacitor, the charge is found by multiplying the capacitance times the voltage. For 
Cj , the full 35.0 V is across the capacitance, so Q x = C t V = (24.0 x 10~ 6 f) (35.0 V) = 

8.40 x 10 4 C . The equivalent capacitance of the series combination of C, and C 3 has the full 

35.0 V across it, and the charge on the series combination is the same as the charge on each of 
the individual capacitors. 

r \ i A 1 c — 

C q = — + — =— Q n = C eq E = t( 24.0 x 10~ 6 f)( 35.0 V) = |2.80 x 10^c| - (7, =(?, 

, ( 7 C /2 , 3 


38. From the circuit diagram, we see that C, is in parallel with the voltage, and so T, = 24 V . 

Capacitors C 2 and C 3 both have the same charge, so their voltages are inversely proportional to their 

capacitance, and their voltages must total to 24.0 V. 

02=£ -> C 2 V 2 = C 3 V 3 ; V 2+ V 3 =V 

C. C, 4.00//F , . 

V, + — V, = V -> V. = 3 —V = — (24.0 V) = 13.7V 

C 3 C 2 + C 3 7.00//F V 

V 3 =V -V 2 = 24.0V-13.7V = 1 10.3 V 
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39. 


For an infinitesimal area element of the capacitance a distance y up from the 
small end, the distance between the plates is d + x = d + y tan 9 &d + y 9. 


Since the capacitor plates are square, they are of dimension Ja x a Ja , and the 

area of the infinitesimal strip is dA = \j~A dy. The infinitesimal capacitance dC 
of the strip is calculated, and then the total capacitance is found by adding 
together all of the infinitesimal capacitances, in parallel with each other. 


C = £ oJ 
d 


-» 


dA \I~A dy 

dC = s = s 0 

d+yO d+yO 


4 a 

C = jdC = j £ 0 


0 


yJ~Ady 

d + y 6 


p[A_ 

9 


In (d + y 9) 


41 





' d+0y[T 

v d j 


Ja , f , 9Ja 


-In 


1 + - 


We use the approximation from page A-l that ln(l + x) « 



r 9 ^ 

i+ — 

£ 0 Ja 

9s[A , 

( 9sTa\ 

9 

i d ) 

9 

d 2 

l * J 


1 2 
x-\x . 



s 0 A 

r 9 ^ 


d 

v 2 d j 


40. No two capacitors are in series or in parallel in the diagram, and so we may not simplify by that 
method. Instead use the hint as given in the problem. We consider point a as the higher voltage. 
The equivalent capacitance must satisfy Q lol = C e V. 

(a) The potential between a and b can be written in three ways. Alternate but equivalent 
expressions are shown in parentheses. 

V = v 2 + v t ; V = V 2 + V 3 + V 4 ; V = V 5 + V 4 ( K+V 3 = V s ; v 3 + v 4 =v,) 

There are also three independent charge relationships. Alternate but equivalent expressions are 
shown in parentheses. Convert the charge expressions to voltage - capacitance expression. 

Sot = Ql + Qs ’ Sot =04+01 ; 02 = 01 + 03 (04 = 03 + 05 ) 


C V - C n V, + C.V. ; C V - C.V. + C.V. ; C.V. = C.V. + C\K 

eq 22 55’ eq 44 1 1 5 22 11 33 

We have a set of six equations: V - V 2 + V x (l) ; V - V 2 + V 3 + V 4 (2) ; V = V 5 + V 4 (3) 

C e V = C 2 V 2 + C 5 V 5 (4) ; CV = C 4 V 4 +C I V I (5) ; C 2 V 2 = Cft + C/ 3 (6) 
Solve for C as follows. 

eq 

(i) From Eq. (1), V l = V-V 2 . Rewrite equations (5) and (6). V\ has been eliminated. 

c e y = c 4 v 4 + cy-cy 2 ( 5 ) ; cy = cy-cy 2 + cy (6) 

(ii) From Eq. (3), V 5 - V - V 4 . Rewrite equation (4). V 5 has been eliminated. 

c e y = c 2 v 2 + cy-cy ( 4 ) 


(iii) FromEq. (2), V 3 =V-V 2 —V 4 . Rewrite equation (6). E? has been eliminated. 

cy = cy - cy + cy - cy - cy ( 6 ) 

(C 1 + C 2+ C 3 )E + C 3 E 4 =(C 1+ C 3 )E(6) 
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Here is the current set of equations. 

cy = cy + cy-cy 4 (4) 
cy = cy 4 + cy-cy ( 5 ) 

(c l + c 2 + c 3 )v 2+ cy 4 =(c l + c 3 )v( 6) 


(b) 


(iv) From Eq. ( 4 ), V 4 - — (C,K, + CIV - C cq V ) . Rewrite equations ( 5 ) and ( 6 ). 

^5 

cfj = c 4 [(cy + cy - cy)] + cyy - c 5 cy (5) 

c 5 (c, + c 2 + c 3 )e 2 + c 3 [( cy + cy - cy)] = c 5 (c, + c 3 )v ( 6 ) 

(v) Group all terms by common voltage. 

(C 5 C q + C 4 C cq - C 4 C 5 - CC, ) V = (C 4 C 2 - C 5 C, ) V 2 ( 5 ) 

[c 5 (c, + c 3 ) + c 3 c q - c 3 cJf = [c 5 (c, + c 2 + c 3 ) + c 3 c 2 ]f 2 ( 6 ) 

(vi) Divide the two equations to eliminate the voltages, and solve for the equivalent 
capacitance. 

(c 5 c eq + c 4 c„ - c 4 c 5 - c 5 c , ) (c 4 c 2 - c 5 c, ) ^ 

[c 5 (c,+c 3 ) + c 3 c eq -c 3 c 5 ] [C 5 (C 1 + C 2 + C 3 ) + C 3 C 2 ] 


c = 

eq 


CjC 2 C 3 + Cj C 2 C 4 + CjC 2 C 5 + Cj C 3 C 5 + CjC 4 C 5 + C 2 C 3 C 4 + C 2 C 4 C 5 + C 3 C 4 C 5 


CiC 3 + CjC 4 + CjCj + C 2 C 2 + C 2 C 4 + C 2 C 5 + C 3 C 4 + C 3 C 5 


Evaluate with the given data. Since all capacitances are in //F, and the expression involves 
capacitance cubed terms divided by capacitance squared terms, the result will be in //F. 


C = 


CjC 2 C 3 + CjC 2 C 4 + CjC 2 C 5 + CjC 3 C 5 + CjC 4 C 5 + C 2 C 3 C 4 + C 2 C 4 C 5 + C 3 C 4 C 5 
C,C 3 + CjC 4 + CjC 5 + C 2 C 3 + C 2 C 4 + C 2 C 5 + C 3 C 4 + C 3 C 5 

^1 [Q (Q + Q + Q) + Q (Q + Q)] + Q (QQ + QQ + c 3 c 5 ) 

Cj (C 3 + C 4 + C 5 ) + C 2 (C 3 + C 4 + C 5 ) + c 3 (c 4 + c 5 ) 

(4.5) {(8.0) (17.0) + (4.5) (12.5)} + (8.0) [(8.0) (4.5) + (8.0) (4.5) + (4.5) (4.5)] 

(4.5) (17.0) + (8.0) (17.0) + (4.5) (12.5) 


//F 


6.0//F 


41. The stored energy is given by Eq. 24-5. 

U = jCV 2 =}(2.8x10”f)(2200V) 2 


6.8 x 10 3 J 


42. The energy density is given by Eq. 24-6. 

u = \e,E 2 = y(S -85 x 10' 12 C 2 /N»m 2 )(l50V/m) 2 = 1.0xl0~ 7 j/ 


m 


|43.| The energy stored is obtained from Eq. 24-5, with the capacitance of Eq. 24-2. 


(4.2 x 10~ 4 C) 2 (0.0013m) 

2C 2f 0 H 2(8.85 xl0 _12 C 2 /N-m 2 )(0.080m) 2 




2.0 x 10 J 
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44. (a) The charge is constant, and the tripling of separation reduces the capacitance by a factor of 3. 


U 2 _ 2C 2 _ C 1 


A 

d 


U, 


C, 


2 C, 


d 

3d 


-HI 


(/;) The work done is the change in energy stored in the capacitor. 

0 2 0 2 


U 1 -U ] = 3U 1 -U l =2U l =2 


2C, A 
0 d 


Q-d 


S 0 A 


45. The equivalent capacitance is formed by C\ in parallel with the series combination of C3 and C3. 
Then use Eq. 24-5 to find the energy stored. 


c net = c 1 + 


c c c 

2 3 =C + — = jc 
C, + C, 2C 


u = jc net r 2 =jCv 2 = 1(22.6 x io _ 6 f)(io.ov ) 2 = 


1.70 x 10 3 J 


46. (a) Use Eqs. 24-3 and 24-5. 

m =\CJ 2 =y(C, +C 2 )U 2 = |(0. 65 x 10 _6 f)(28 V ) 2 = 2.548 x lO^J : 
(6) Use Eqs. 24-4 and 24-5. 


2.5 x lO^J 


U = 1 r V 2 - - 

series 2 eq r 2 


A C,C 2 A 
V C, +C 2 y 


E 2 =1 

' 2 


(0.45x1(T 6 f)(0.20x10^f) A 


0.65 x 10 F 


(28V) 2 


= 5.428 x 10 J i 


5.4x10 J 


(c) The charge can be found from Eq. 24-5. 

2 u 2(2.548 x KVj) 1— 

U = ^QV Q = ~ 0^ = V 28y Z = 


x IOC 


2(5.428 x 1 0 5 J ) | 

Q =— = 3.9 x IOC 

^ series 1 


28V 


47. The capacitance of a cylindrical capacitor is given in Example 24-2 as C = 5 . 

ln (^aK) 

Q 2 

(a) If the charge is constant, the energy can be calculated by U = j— . 

± £l 

U 2 2 C 2 C, ln(*,/* b ) | ln(3^7^ :i 

C 2 2 nsl In (R/R b ) 

2 C, ln(3* a /TO 

The energy comes from the work required to separate the capacitor components. 


H 2R JK) 

H r Jk) 
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(b) If the voltage is constant, the energy can be calculated by U - \CV 2 . 

2 nsJL 

U 2 \cy- C 2 l ln^/^yi ^ 

U t i Cl V 2 C, 2 nsl_ ln(3 R/R b ) 

H r Jk) 

Since the voltage remained constant, and the capacitance decreased, the amount of charge on 
the capacitor components decreased. Charge flowed back into the battery that was maintaining 
the constant voltage. 


H R M 

ln(3. RjR b ) 


48. (a) 

(b) 

(c) 


Before the capacitors are connected, the only stored energy is in the initially-charged capacitor. 
Use Eq. 24-5. 

U, =fCyl - |(2.20 x 1CT 6 f)( 12.0V) 2 = 1.584 x 10 4 J a |l ,58 x 10~*J~ 


The total charge available is the charge on the initial capacitor. The capacitance changes to the 
equivalent capacitance of the two capacitors in parallel. 


C — c. + c, 

eq 1 2 


, C;V 0 2 (2.20 x1(T 6 f) 2 (12.0 V) 2 

2 C, + C 2 -2 (5.70 x ict 6 f) 


= 6.1 14 x 10 J » 6.1 1 x 10 J 


AU = £/,-£/, - 6.114 x 10~ 5 J - 1.584 xlQ^J = |-9.73 x 10 5 J 


49. (a) With the plate inserted, the capacitance is that of two series capacitors of plate separations 
d\=x and d 2 = d - 1 - x. 

„ x d - x- 1 1 s 'A 

C ,= + = — * } — 

_ s 0 A £ 0 A J d - i 

With the plate removed the capacitance is obtained directly from Eq. 24-2. 
r £ q A 

f d 

Since the voltage remains constant the energy of the capacitor will be given by Eq. 24-5 written 
in terms of voltage and capacitance. The work will be the change in energy as the plate is 
removed. 

W = U f ~ U t = y( c f - C , ) V 2 



The net work done is negative. Although the person pulling the plate out must do work, charge 
is returned to the battery, resulting in a net negative work done. 

(b) Since the charge now remains constant, the energy of the capacitor will be given by Eq. 24-5 
written in terms of capacitance and charge. 

w =oi_( 1 n _ g 2 r d d-f"! q 2 £ 

2 y Cf C. y 2 k £ 0 A e 0 A J 2 s q A 
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The original charge is Q = CV 0 - 


— — V„ and so W = 
d-l 


f 

K d-t 


s 0 A 



2 s 0 A 


i 


gp AV'-l 

2 (d-(f ' 


^2^ 

50. (a) The charge remains constant, so we express the stored energy as U - \ — = { , where x 

C ' s 0 A 

is the separation of the plates. The work required to increase the separation by dx is 
dW = Fdx, where F is the force on one plate exerted by the other plate. That work results in an 
increase in potential energy, dU. 

dW = Fdx = dU = xQ—- 

(b) We cannot use F - QE -Q—-Q because the electric field is due to both plates, 

*o e o A £ o A 

and charge cannot put a force on itself by the field it creates. By the symmetry of the geometry, 
the electric field at one plate, due to just the other plate, is \E. See Example 24-10. 


1 Q- 
F = -— 
2s 0 A 


51. (a) The electric field outside the spherical conductor is that of an equivalent point charge at the 


center of the sphere, so E - 


i Q 

4 ns„ r 2 


,r > R. Consider a differential volume of radius dr, and 


volume dV = 4n r 2 dr, as used in Example 22-5. The energy in that volume is dU = udV. 
Integrate over the region outside the conductor. 


co 

(7 = | dU - | udV - E 2 dV = y 6' 0 1 


1 g 

4^o r 2 j 


2 <• i 

4 71 r 2 dr = — dr = - 

8^p [ r 


Q 2 i 

8 7T£ 0 r 


8 7l£ 0 R 


( b ) Use Eq. 24-5 with the capacitance of an isolated sphere, from the text immediately after 
Example 24-3. 


r: ,g 2 , ^ 

r. r, 

- C - 4ns, R 


8 ns 0 R 


(c) When there is a charge q < Q on the sphere, the potential of the sphere is V - 


1 q 

4 ns n R 


. The 


work required to add a charge dq to the sphere is then dW - Vdq - 


1 q 

4 ns„ R 


dq. That work 


increase the potential energy by the same amount, so dU - dW - Vdq - 


1 q 

4ns 0 R 


dq. Build up 


the entire charge from 0 to Q, calculating the energy as the charge increases. 

Q 

u = \dU = fdW = jvdq = j- 


1 q 


0 Ans o R 


1 Q 


4ns 0 R 0 


8 ns 0 R 
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52. In both configurations, the voltage across the combination of capacitors is the same. So use 

i r’T / 2 


u = \cv\ 


Up - \C f V 2 = j(C, +C 2 )V 2 ; U s =jC s V 2 =j 
Up = 5 U s j(C, + C 2 )V 2 = 5(j) 


c,c. 


1^2 y 2 


c,c 2 


(c 1 + c 2 ) 


(c, + c 2 ) 

• V 2 -> (C, + C 2 ) 2 =5C 1 C 2 -> 


C 2 - 3C,C 2 + C 2 2 = 0 -> C, = 


3C±^9C-4C = 3±v/5 


-» 


c 


3 + V5 3-V5 


= 2.62,0.382 


53. First find the ratio of energy requirements for a logical operation in the past to the current energy 
requirements for a logical operation. 


= 220 


E N 

past 

(iCF 2 

^ past 

^ c , 1 
past 

( V 

past 

2 

f 20^| 

f 5.0 

E , Nl 

present \ 

f cy2 ) 

present 

1 c 

\ present J 

v 

\ present J 

l 1 J 

I 1 . 5 J 


So past operations would have required 220 times more energy. Since 5 batteries in the past were 
required to hold the same energy as a present battery, it would have taken 1100 times as many 
batteries in the past. And if it takes 2 batteries for a modem PDA, it would take 2200 batteries to 


power the PDA in the past. It [would not fit| in a pocket or purse. The volume of a present-day 
battery is V = nr 2 1 = /r (0.5 cm)" (4 cm) = 3 cm 3 . The volume of 2200 of them would be 6600 cm 3 . 
which would require a cube about 20 cm in side length. 

54. Use Eq. 24-8 to calculate the capacitance with a dielectric. 

A , , / 12 2/ 2 \ (4.2 x 10" 2 m) 2 

c = **.7 = (2 2 ) 8.85 x 10-” C'/N ■ m- ' \ = 

a 1.8x10 m 


1.9x10 F 


|55.| The change in energy of the capacitor is obtained from Eq. 24-5 in terms of the constant voltage and 
the capacitance. 

Au = u t -u i =jc 0 r 2 -jKc 0 r 2 = -^(a-i)c 0 f 2 

The work done by the battery in maintaining a constant voltage is equal to the voltage multiplied by 
the change in charge, with the charge given by Eq. 24- 1 . 

battery = V (g f - Q, ) = V (C/ - KCf) = - ( K - l) 

The work done in pulling the dielectric out of the capacitor is equal to the difference between the 
change in energy of the capacitor and the energy done by the battery. 

W = AU - W bMay =-\{K - 1 )C 0 V 2 +{K- 1) C 0 V 2 


= \(K-l)C 0 V 2 =(3.4-1)(8.8x10”f)(100V) 2 = 


1.1 x 10 4 J 
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56. We assume the charge and dimensions are the same as in Problem 43. Use Eq. 24-5 with charge and 
capacitance. 

/\2 /~»2 , 


rr ■ g~ ■ g~ , Q~ d , 

2 c 2 kc„ 2 a 2 


1 

(420xl(T 6 c) 

\ (0.0013m) 

( 7 ) 

(8.85 x 10 12 C 2 /n • m 2 ) 

(64 x 10 4 m 2 ) 


= 289.2 J 


290 J 


57. From Problem 10, we have C = 35 x 10 15 F. Use Eq. 24-8 to calculate the area. 


A Cd (35xl0 15 F)(2.0xl0- 9 m) 

C = Ks„ A = - v 2 v 7 


Ks 0 (25) (8.85 x 10~ 12 C 2 /n • m 2 ) 


= 3.164 xl0~ 13 m 2 


^ 10 6 //m ^ 2 
V lm J 


= 0.3164 //m 2 ® 0.32//m 


Elalf of the area of the cell is used for capacitance, so 1.5 cm 2 is available for capacitance. Each 
capacitor is one “bit.” 


1.5 cm 2 


A, a 6 v 

10 jum 

( lbit 1 

r 1 byte ' 

= 5.86 x 10 7 bytes « 

59 Mbytes 

( 1 O' cm J 

(0.32//rrf J 

v 8 bits y 




58. The initial charge on the capacitor is Q nitial = C tmhal F . When the mica is inserted, the capacitance 
changes to C final = /tC mili;il , and the voltage is unchanged since the capacitor is connected to the same 
battery. The final charge on the capacitor is Q fma] - C fiml V . 

A<2 - Qfimi - Q „ = C fm ,V - C miu ,V = (K- l)c J = (7 - 1)(3.5 x 10" 9 f)(32V) 


= 6.7 x 10~ 7 C 


59. The potential difference is the same on each half of the capacitor, 
so it can be treated as two capacitors in parallel. Each parallel 
capacitor has half of the total area of the original capacitor. 

C = C l +C 2 =K l s 0 ^- + K 2 s 0 ^- = 
d d 


\{ K \ +K l) S 0~ 

d 


i 


d 

Ki 

k 2 

T 



60. 


The intermediate potential at the boundary of the two dielectrics can i 
be treated as the “low” potential plate of one half and the “high” 
potential plate of the other half, so we treat it as two capacitors in d 

series. Each series capacitor has half of the inter-plate distance of 

the original capacitor. )' 


1 

1 

1 

j 

\ d , \d 

d K t +K 2 

c = 

2s 0 A 

K x K 2 

c _ 


C 2 

— 1 
K { S 0 A K 2 £ 0 A 

2 £ 0 A K x K 2 

d 

K x +K 2 


61 


The capacitor can be treated as two series capacitors with the same 
areas, but different plate separations and dielectrics. Substituting 
Eq. 24-8 into Eq. 24-4 gives the effective capacitance. 


C = 


f 1 o 

- 1 f 

1 

— 

cj 

V 


A 

K,As„ 


- + 


d 2 1 


As 0 K x K 2 

K 2 Ae o j 


d x K 2 + d,K ] 






K, 
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62. (a) Since the capacitors each have the same charge and the same voltage in the initial situation, 

each has the same capacitance of C = — . When the dielectric is inserted, the total charge of 


2 Q 0 will not change, but the charge will no longer be divided equally between the two 
capacitors. Some charge will move from the capacitor without the dielectric (Cj ) to the 
capacitor with the dielectric (C, ) . Since the capacitors are in parallel, their voltages will be the 
same. 


V = V 
v 1 v 2 


a = a 

c, c 


—> 


Qi 2 Q 0 ~ Qx 
c KC 


a = jf^Qo = —Qo = 0.48 a ; Q 2 = 1.52 Q 0 
(f + i) 4.2 


O, 0.48Q,. 
(b) V l =V 2 = — = fS. 

a Q 0 /V 0 


0.48/ 


Q 2 1.52 Q 0 


C 2 3.2 Q 0 /V 0 


63. (a) 


(b) 


(c) 


We treat this system as two capacitors, one with a dielectric, 
and one without a dielectric. Both capacitors have their high 
voltage plates in contact and their low voltage plates in 
contact, so they are in parallel. Use Eq. 24-2 and 24-8 for the 
capacitance. Note that x is measured from the right edge of 
the capacitor, and is positive to the left in the diagram. 


<- 

if 


1(1- x) lx 

C - Cj + C 2 - s 0 - + Ks 0 — - 

d d 


l 1 

d 


^y-i 


t — >i 

mmWM 



+ X 


Both “capacitors” have the same potential difference, so use U = j-CV 2 . 


U = j(C,+C 2 )V 0 2 = 


We must be careful here. When the voltage across a capacitor is constant and a dielectric is 
inserted, charge flows from the battery to the capacitor. So the battery will lose energy and the 
capacitor gain energy as the dielectric is inserted. As in Example 24-10, we assume that work is 

done by an external agent (jU nc ) in such a way that the dielectric has no kinetic energy. Then 


2d 




V: 


the work-energy principle (Chapter 8) can be expressed as W nc = AU or dW nc = dlJ . This is 

analogous to moving an object vertically at constant speed. To increase (decrease) the 
gravitational potential energy, positive (negative) work must be done by an outside, non- 
gravitational source. 


In this problem, the potential energy of the voltage source and the potential energy of the 
capacitor both change as x changes. Also note that the change in charge stored on the capacitor 
is the opposite of the change in charge stored in the voltage supply. 


dW = dU = dU + dU. F dx = dUcV 2 ) + d(Q hn V n ) 

nc cap battery nc \ 2 0 / \ za battery 0 / 


i 2 dC 

F = 1 V + V 

nc 2 0 j 0 

ax 


dQb. 


= --Vs — 
2*0 ^0 , 

d 


dx 

(*-l) 

l 


2*0 j r 0 

ax 


d Qc* P , rr2 dC , dC 


dx 


ca P _ J_ J/ 2 _ 7/2 w w _ 

2 y 0 j V 0 


dx 


dx 


_±V 2 ^ 
i y a , 

dx 
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Note that this force is in the opposite direction of dx, and so is to the right. Since this force is 
being applied to keep the dielectric from accelerating, there must be a force of equal magnitude 
to the left pulling on the dielectric. This force is due to the attraction of the charged plates and 
the induced charge on the dielectric. The magnitude and direction of this attractive force are 

V 2 f i 

-trfr-O.ieft. 

2 d 


64. (a) We consider the cylinder as two cylindrical capacitors in parallel. The two “negative plates” are 
the (connected) halves of the inner cylinder (half of which is in contact with liquid, and half of 
which is in contact with vapor). The two “positive plates” are the (connected) halves of the 
outer cylinder (half of which is in contact with liquid, and half of which is in contact with 
vapor). Schematically, it is like Figure 24-30 in Problem 59. The capacitance of a cylindrical 
capacitor is given in Example 24-2. 


^ ^ ^ l7r£ o K \iqh , 2 ns,K w (l-h) 2ns, l 

c - c liq + <- v - . - + 


ln(i?a/K) HkMl 




= C -> 


h 

1 


1 

'cin(«.K) „ ] 

K,-* v ) 

1 

> 

A 

■H 

o 

ss 

<N 

1 


h h 

( b ) For the full tank, — = \, and for the empty tank, — = 0. 


Full: 


C = 


2 ns,l 




(K hq -K v )-^K v 


2 ^A,.q 




2;r(8.85 x 10 12 C 2 /n • m 2 )(2.0m)(l.4) 


Empty: C ■ 


2 ns, l 




In (5.0 mm/4.5 mm) 


K-*v) 7 + *v 


1.5 x 10~ 9 F 


2 ns 0 lK y 


* V J ln(i? a /i? b ) 


2^(8. 85 x 10~ 12 C 2 /N • m 2 )(2.0m)(l.0) 
In (5.0 mm/4.5 mm) 


1.1x10~ 9 F 


65. Consider the dielectric as having a layer of equal and opposite charges at each side of the dielectric. 
Then the geometry is like three capacitors in series. One air gap is taken to be d v and then the other 

air gap is d -d x -l. 


11 1 1 _ d 1 t 

C ~ C, C, C~ s„A Ks n A 


C = 


+ - 


d-d, -l 1 


s n A 


s o A vl 


- + (d-l) 
K v 7 


-> 


s 0 A 1 

8.85 x 10 -12 C 2 /N • m 2 ) 

(2.50 x 10 _2 m 2 ) 

i i 

i 

+ 


1.00x10 3 m , nn 3 vl 

+ 1.00x10 m 
3.50 v ’ 



1.72x10 F 
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66. By leaving the battery connected, the voltage will not change when the dielectric is inserted, but the 
amount of charge will change. That will also change the electric field. 

(a) Use Eq. 24-2 to find the capacitance. 

A 


d 


/ n 7 / 2 \( 2.50x10 2 m ? ^ 

(8.85 x 1(U 12 C"/n • m“) 

= 1.106 x 10~ 10 F » 

1.11 x 10~ 10 F 

v \ 2.00x10 m j 




( b ) Use Eq. 24-1 to find the initial charge on each plate. 

Q o = C 0 V = (1.106 x1(T io f)( 150V) = 1.659 x 10 _8 C 


1.66 x 10 -8 C 


In Example 24-12, the charge was constant, so it was simple to calculate the induced charge and then 
the electric fields from those charges. But now the voltage is constant, and so we calculate the fields 
first, and then calculate the charges. So we are solving the problem parts in a different order. 

(d) We follow the same process as in part (/) of Example 24-12. 


V = E 0 (d-l) + Ej = E 0 (d-l) + -±l -> 

K 


E 0 = 


V 


(150V) 


d-l + - 


K 


(2.00 x 10 3 m )-(l.00xl0 3 m) 


+ 


(l.00xl0" 3 m) 

(3-50) 


= 1.167 x 10 5 V/m 


1.17 x 10 5 V/ 


m 


, v r E 0 1.167x10 V/m 4 , [7 4 , 

( e ) £= — = — = 3.333x10 V/m« 3.33x10 V/m 

K 3.50 — 


(h) E=- = 


As n 


Q = EAs 0 = (1.167 x 10 5 V/m) (0.0250 m 2 ) (8.85 x 10~ 12 C 2 /n • m 2 ) = 2.582 x 10~ 8 C 


2.58 x IO C 


1.84 x 10~ 8 C 


<c > a - = = (2,582 x 10 " c) ( 1 “ ik, 

(/) Because the battery voltage does not change, the potential difference between the plates is 
unchanged when the dielectric is inserted, and so is V - 150 V 


1.72 x 10~ 10 pF 


Q 2.582 x 10 C 
® C = W 150V 

Notice that the capacitance is the same as in Example 24-12. Since the capacitance is a constant 
(function of geometry and material, not charge and voltage), it should be the same value. 


|67.| The capacitance will be given by C — QIV . When a charge Q is placed on one plate and a 
charge -Q is placed on the other plate, an electric field will be set up between the two plates. 
The electric field in the air- filled region is just the electric field between two charged plates, 

E 0 = — - . The electric field in the dielectric is equal to the electric field in the air, 

£ n As n 
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Q 


divided by the dielectric constant: E n - — - 

K KAs 0 

The voltage drop between the two plates is obtained by integrating the electric field between the 
two plates. One plate is set at the origin with the dielectric touching this plate. The dielectric 
ends at x - t . The rest of the distance to x = d is then air filled. 


V = — 


ffi -dx= \^—+ f 

J J KAs„ J 


Qdx r Qdx Q 


As a Ae 0 v 


- + (d-t) 
K 


The capacitance is the ratio of the voltage to the charge. 

Q 

v 


c-Q=. 


SL 

As„ 


+ (i/ -£)j 


s 0 A 


d-l + 


t 


K 


68. Find the energy in each region from the energy density and the volume. The energy density in the 
“gap” is given by u - j £ 0 E 2 , and the energy density in the dielectric is given by u D - j £ d E\ 


= 2 Ks o 


v K y 


— lc gap 
2 b 0 


K 


where Eq. 24-10 is used. 






Wd Vo1 d 


E 

& 

K 


\s^Ai 


U +U n u Vol + u n Vol n 

gap D gap gap D D 


l 

K 




K 


-At 


(1.00 mm) 


(</-£) + 


( d-t)K + t (l.00mm)(3.50) + (1.00mm) 


0.222 


K 


69. There are two uniform electric fields - one in the air, and one in the gap. They are related by Eq. 24- 
10. In each region, the potential difference is the field times the distance in the direction of the field 
over which the field exists. 


V - E . d . + E d . = E d + 

— glass glass 


E 


air air 


air air 


K 


— > 


glass 


V 

d K . 

air glas 

(90.0V)- 

lass 

+ d . 

glass 

5.80 


3.00 x 10~ 3 m) 

(5.80) + 

2.00 x 10~ 3 m) 

2.69 xlO 4 V/m 




E 


glass 



2.69 x 10 4 V/m 
5.80 


4.64 xlO 3 V/m 


The charge on the plates can be calculated from the field at the plate, using Eq. 22-5. Use Eq. 24- 
1 lb to calculate the charge on the dielectric. 
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E =■ 


plate 


^ plate 

e 0 A 




opiate 


E m s 0 A = (2.69 x 10 4 V/m)(8.85 x 1(T 12 C 2 /n • m 2 )(l.45m 2 ) = 


3.45 x IO C 


> 

2.86x10 7 C 

J 



70. ( a ) The capacitance of a single isolated conducting sphere is given after example 24-3. 


C = 4 ns a r 


C 


■ An (8.85 x 10~ 12 C 2 /n • m 2 ) = j^l . 1 1 x 10" 


F ^ 

m) 


lm 


100 cm 


f 10 12 pF^ 
IF 


= 1.11 pF / cm 


And so C = (l.l lpF/cm); 


C (pF) « /-(cm) 


(. b ) We assume that the human body is a sphere of radius 100 cm. Thus the rule C (pF) « /-(cm) 


says that the capacitance of the human body is about 1 00 pF 


(c) A 0.5-cm spark would require a potential difference of about 15,000 V. Use Eq. 24-1. 


Q - CV = (l00pF)(l5,000 V) = 1.5 juC 


71. Use Eq. 24-5 to find the capacitance. 


U = ACV -> C = — = 


2 U _ 2(1200 j) 


V- (7500 V)" 


4.3 x 10" 5 F 


72. (a) We approximate the configuration as a parallel-plate capacitor, and so use Eq. 24-2 to calculate 
the capacitance. 

A nr 2 / , 22 / 2 \ ^ T (4.5 in) (0.0254 m/in)l" „ 

C = s 0 - = s 0 = (8.85 xlO C/N • m‘) — — - 7.265 x 10" 12 F 

d d v 2 0.050m 


7 x 10~ 12 F 


7 xlO C 


( b ) Use Eq. 24-1. 

Q = CV = (7.265 x 10" 12 F)(9 V) = 6.539 x 10" n C = 

(c) The electric field is uniform, and is the voltage divided by the plate separation. 
9 V 


V 

E - — = ■ 


= 180 V/m « 200 V/m 


d 0.050m 

(d) The work done by the battery to charge the plates is equal to the energy stored by the capacitor. 
Use Eq. 24-5. 


U = jCV 2 - y(7.265 x 10~ 12 f)( 9 V) 2 = 2.942 x 10 10 J 


3 x 10" 10 J 


(e) The electric field will stay the same, because the voltage will stay the same (sinc e the capacit or 


is still connected to the battery) and the plate separation will stay the same. The |capacitance| 


changes, and so the |charge| changes (by Eq. 24-1), and so the |work| done by the battery changes 
(by Eq. 24-5). 
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73. Since the capacitor is disconnected from the battery, the charge on it cannot change. The 
capacitance of the capacitor is increased by a factor of K, the dielectric constant. 

C C 1 

O-C V -C V — > V -V initial _ y initial - t () y \ _ 

^ '"'initial' initial '"''final' final ' final r initial ^ ' initial Vv / ^ _ 

C*- , AC Z.Z 


15V 


74. The energy is given by Eq. 24-5. Calculate the energy difference for the two different amounts of 
charge, and then solve for the difference. 


. Q , (Q + AQ) ,Q 1 

U = \— AU - = — 

C C C 2C 


~{q + aq) 2 -q 2 


= fc [2e + AG] ^ 


q- c -2E^q 

&Q 2 


(17.0x10^f)( 18.5J) , , . r — 

= ^ — 7 13.0x 10 3 C ) = |l7.7 xio C 

(l3.0 x 10 3 C) V ' 


= 17.7 mC 


75. The energy in the capacitor, given by Eq. 24-5, is the heat energy absorbed by the water, given by 
Eq. 19-2. 

U = Q* * -> jCV 2 = me AT -> 


V = 


/ 2mcAT 


C 


2(3. 5kg) 

( j / 

4186 

l kg.°Cj 

(95°C-22°C) 

3. OF 


= 844 V i 


840 V 


76. (a) The capacitance per unit length of a cylindrical capacitor with no dielectric is derived in 


C 

Example 24-2, as — = 


2ns „ 


1 111 (Xuts.de /Aside) 


. The addition of a dielectric increases the capacitance 


by a factor of K. 
C 

7 


2 ns 0 K 


^ ^ (“^outside /"^inside / 


(b) v = 


2ns JC 


2^(8.85xl0~ 12 C 2 /n • m 2 )2.6 


1 ln (^o U ,s.de/^ n ,de) In (9.0 mm/2.5 mm) 


1.1 x 10~ 10 F/ 


m 


77. The potential can be found from the field and the plate separation. Then the capacitance is found 
from Eq. 24-1, and the area from Eq. 24-8. 

V 

E = — ; Q - CV = CEd -> 
d 


C = — = 


(0.675 x 10~ 6 c) 


Ed (9.21 x 10 4 V/m)(l.95 x 10~ 3 m) 


= 3.758 xlO~ J F 


3.76x10 F 


A Cd (3.758 x 10 9 f)(i. 95 x 10 3 m) 

C — Ks 0 — — > A — — —7 ~r 

d Ks 0 (3.75) (8.85 xlO^CVN-m-) 


0.221m- 


78. (a) If N electrons flow onto the plate, the charge on the top plate is —Ne, and the positive charge 


associated with the capacitor is Q - Ne. Since Q = CV, we have Ne = CV — > V = Ne / C 
showing that V is proportional to N. 
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( b ) Given AV = lmV and we want A/V = 1, solve for the capacitance. 


Ne . eAN 

V = — -> AV = -> 

C C 


AN 

C = e 

AV 

(c) Use Eq. 24-8. 


(l.60xl0“ 19 C) 

v /win 


lxl 0 V 


= 1.60 x 10 F : 


2 x 10~ I6 F 


A f 

C — — — s,,IC — — ^ 

d d 


i = 


Cd 

(l.60 x 10~ 16 f) 

(lOO x 10~ 

*”) 


(8.85 x 10 12 C 2 /n • m 2 ) 

( 3 ) 


= 7.76 x 10 7 m 


f 1 O'/vm ^ 
V lm J 


0.8 //m 


|79.| The relative change in energy can be obtained by inserting Eq. 24-8 into Eq. 24-5. 
2C _ C o P I 1 


U 


2 K 


__ d 

U 0 Q^_ C KAs^ 

2 C 0 (id) 

The dielectric is attracted to the capacitor. As such, the dielectric will gain kinetic energy as it enters 
the capacitor. An external force is necessary to stop the dielectric. The negative work done by this 
force results in the decrease in energy within the capacitor. 

Since the charge remains constant, and the magnitude of the electric field depends on the charge, and 
not the separation distance, the electric field will not be affected by the change in distance between 
the plates. The electric field between the plates will be reduced by the dielectric constant, as given in 
Eq. 24-10. 


E _ E 0 /K 
E 0 E 0 


80. (a) Use Eq. 24-2. 

eA (8-85 x 10~ 12 C 2 /n • m 2 )(l20 x 10 6 m 2 ) 

C = - s — = 7 — = 7.08 x 10 F : 

d (1500m) 

( b ) Use Eq. 24-1. 

Q = CV = (7.08 x 10~ 7 F) (3.5 x 10 7 v) = 24.78 C 

(c) Use Eq. 24-5. 


7.1x10 F 


25C 


U - \QV = j (24.78C)(3.5 x 10 7 v) = 4.337 x 10 8 J : 


4.3 x 10 J 


81. We treat this as N capacitors in parallel, so that the total capacitance is N times the capacitance of a 
single capacitor. The maximum voltage and dielectric strength are used to find the plate separation 
of a single capacitor. 


d = — = 


100V 


E s 30 x 10 V/m 

j 

C = NC - Ns n K — -> 
eq d 


_ 6 l 6.0 x 10 m 

= 3.33x10 m ; N- — - ; — = 1800 


d 3.33 x 10 m 
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C d 
K = —3— 


1 

(l.O x 10 6 F)l 

(3.33xl0"m) 


1800| 

(8.85 x 10 

12 C 2 /N • m 2 j 

|(l2.0xl0~ 3 m) 

(l4.0 x 10~ 3 m) 


= 1.244* 1.2 


82. The total charge doesn’t change when the second capacitor is connected, since the two-capacitor 
combination is not connected to a source of charge. The final voltage across the two capacitors must 
be the same. Use Eq. 24-1. 

Qo = C K = Q t + Q 2 = cy + c 2 v 2 = cy + cy 


c 2 = c l &JV=( 3.5//F) 


^ 12.4 V - 5.9 v'' 
5.9V 


: 3.856//F « 3.9/rF 


83. (a) Use Eq. 24-5 to calculate the stored energy. 

U = jCV 2 = j(8.0xl0 _8 F)(2.5xl0 4 v) 2 = 

(b) The power is the energy converted per unit time. 

Energy 0.15(25J) 5 

P = — = -T = 9.38 x 10 5 W : 


25 J 


time 


4.0 x 10 s 


940 kW 


84. The pressure is the force per unit area on a face of the dielectric. The force is related to the potential 

dU 

energy stored in the capacitor by Eq. 8-7, F = , where x is the separation of the capacitor 

dx 


plates. 


U=±cv=j 


Ks 0 - 
x ) 


r 2 „ dU Ks n AV 2 _ F Key 2 


V -> F = — 


dx 


2x 


:P = — = 


2x 


V = 


2x 2 P 

2(l.O x lO^m) 2 (40.0 Pa) 

i Ke 0 V 

(3. l) (8.85 x 10 -12 C 2 /n • m 2 ) 


170V 


85.| (a) From the diagram, we see that one group of 4 plates is connected together, and the other group 
of 4 plates is connecte d together. This common grouping shows that the capacitors are 


connected | in parallel 


(. b ) Since they are connected in parallel, the equivalent capacitance is the sum of the individual 
capacitances. The variable area will change the equivalent capacitance. 


C -1C - ls a — 

eq 0 d 


A ( 12 2/ 2 e (2-0x10 4 m-) 

C . = Is — ^ = 7 (8.85 x 10 -12 C 2 /N*m ' )-^7 ~y~ = 7.7 

0 d 1 1 ’ (l.6 x 10~ 3 m) 

A , 12 2/ 2 \ (9-OxlO^m 2 ) 

C = 7f n ^^ = 7(8.85 xl0^C7N-m 2 )V —^- = 

0 d 1 ’ fl.6xl0- 3 m) 


x 10 _12 F 


= 3.5 x 10 F 


And so the range is from 7.7 pF to 35 pF . 
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86 . (a) 


(b) 


Since the capacitor is charged and then disconnected from the power supply, the charge is 
constant. Use Eq. 24-1 to find the new voltage. 


Q = CV = constant -> C,V, = C 2 V 2 


K = ^ = (7500 V) 


8.0pF 
1.0 pF 


6.0 x 10 4 V 


In using this as a high voltage power supply, once it discharges, the voltage drops, and it needs 
to be recharged. So it is not a constant source of high voltage. You would also have to be sure 
it was designed to not have breakdown of the capacitor material when the voltage gets so high. 

Another disadvantage is that it has only a small amount of energy stored: U — \ CV 2 


= 7 ( 1.0 x 10 12 c)( 6.0 x 10 4 v) = 1.8 x 10 3 J , and so could actually only supply a small amount 
of power unless the discharge time was extremely short. 


87. Since the two capacitors are in series, they will both have the same charge on them. 

0=02=2,™ 1 


c 


v 1 1 

— 1 — ^ 

1 c, c; 

^-series 1 1 


C 2 = 


Q C, 1 

-^series 1 

(l25xl(T 12 c) 

(l75 x 10~ 12 f) 

1 

cy-o 1 

1 ^series ’ 

(175x1(T I2 f) 

(25.0 V) -| 

(125x10~ 12 c) 


= 5.15x10 _12 F 


88 . (a) The charge can be determined from Eqs. 24-1 and 24-2. 


Q = CV = s 0 jV = ( 8.85x10 _12 C 


,, , (2.0 x 10 4 m 2 ) 

H ., lf H { ( 12V 

15.0x10 ml 


= 4.248x10 C 


4.2x10 C 


( b ) Since the battery is disconnected, no charge can flow to or from the plates. Thus the charge is 
constant. 


4.2 x IO C 


(c) The capacitance has changed and the charge has stayed constant, and so the voltage has 
changed. 

A A 

Q = CV = constant — > Cy = C 0 V 0 — > s 0 — V t = s 0 — V 0 — > 

d ] d Q 

4 075n™ (12v) = 

d n 0.50 mm 


18V 


(d) The work is the change in stored energy. 

W = AU = jQV I -jQV 0 =jQ(V 1 -V 0 ) = y (4.248 x 10 _ 11 C)(6.0 V) = 


1.3 x 10 _I0 J 


89. The first capacitor is charged, and so has a certain amount of charge on its plates. Then, when the 
switch is moved, the capacitors are not connected to a source of charge, and so the final charge is 
equal to the initial charge. Initially treat capacitors C, and C 3 as their equivalent capacitance, 

C„ = i ^ ^ - 1.091//F. The final voltage across C. and C„ must be the 

C 2 + C 3 4.4//F 

same. The charge on C 2 and C 3 must be the same. Use Eq. 24-1. 
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Q a = cy 0 = q, + q 23 = cy + c 23 v 23 = cy + c 23 y -> 


v, = ■ 


c, 


c + c 

'-1 ^ '-23 


K = 


1.0//F 


: (24V) = 11.48 V = V t - V 23 


1.0//F + 1.091//F 
Q x =cy x =(l. 0//F)(l 1.48 V) = 11. 48//C 
Q 23 = C 23 V 23 = (1.091//F)(1 1.48 V) = 12.52//C = Q 2 = Q 3 

a =1 2^c =626V a = i2^c =522v 

' C 2 2.0//F C 3 2.4//F 


To summarize: 


0, = ll/rC, y =11V ; Q 2 = 13//C, E, =6.3V ; g 3 =13//C, V 3 =5.2V 


90. The metal conducting strips connecting cylinders b and c mean that b and c 
are at the same potential. Due to the positive charge on the inner cylinder 
and the negative charge on the outer cylinder, cylinders b and c will 
polarize according to the first diagram, with negative charge on cylinder c, 
and positive charge on cylinder b. This is then two capacitors in series, as 
illustrated in the second diagram. The capacitance per unit length of a 
cylindrical capacitor is derived in Example 24-2. 

2 ns 0 l 2 nsJL 1 1 + 1 

H R M ’ 




c = 



1 

o 

<N 

1 

i 

o 

Jo 

<N 

1 

c,c 2 

M R JK). 

>(*./*-)_ 


c, +c. 


2ns, 1 


2ns, X 


H R M H R M 


2 ns/ 


2 ns 0 i 


H R M + H R M 




c 

7 


2ns „ 


H R A /«) 



Cyl. c 
Cyl. a 


Cyl. d 
Cyl. b 


|9 1 . The force acting on one plate by the other plate is equal to the electric field produced by one charged 
plate multiplied by the charge on the second plate. 


F = EQ = 


' _Q_ A 

\ 2As oJ 


Q = 


2 As n 


The force is attractive since the plates are oppositely charged. Since the force is constant, the work 
done in pulling the two plates apart by a distance x is just the force times distance. 


W = Fx = 


Q~x 


2 As n 


The change in energy stored between the plates is obtained using Eq 

Q 


Q 1 

W = MJ = ^~ 


1 


V C 2 


2 


2x 


k s 0 A s 0 Aj 


Q x 


2 s 0 A 


. 24-5. 


The work done in pulling the plates apart is equal to the increase in energy between the plates. 
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92. Since the other values in this problem manifestly have 2 significant figures, we assume that the 
capacitance also has 2 significant figures. 

(a) The number of electrons is found from the charge on the capacitor. 

CV (30 x 1CT I5 f)(1.5 V) 


Q = CV = Ne -> N - ■ 

e 1.60 x lCT iy C 

( b ) The thickness is determined from the dielectric strength. 


2.8 x 10 Vs 


E = 


V 


— ^ d — 


V 


1.5V 


d E 1.0x1 0' V/m 

mm max / 

(c) The area is found from Eq. 24-8. 


1.5 x 10 m 


C = Ks n 


A 

d 


A = 


Cd (30 x 10~ 15 f)(i. 5 x 10 9 m) 
Ks 0 ~ 25(8.85 xlO _12 C 2 /N-m 2 ) 


2.0 x 10 m 


93. Use Eq. 24-2 for the capacitance. 

£q A (8.85 x 10~ 12 C 2 /N • m 2 )(l.0x 10 _4 m 2 ) 




d = 


C 


(IF) 


9 x 10 m 


No I , this is not practically achievable. The gap would have to be smaller than the radius of a proton. 


94. See the schematic diagram for the arrangement. The two 
“capacitors” are in series, and so have the same charge. Thus 
their voltages, which must total 25kV, will be inversely 
proportional to their capacitances. Let C\ be the glass-filled 
capacitor, and Cf be the vinyl capacitor. The area of the foot is 
approximately twice the area of the hand, and since there are 
two feet on the floor and only one hand on the screen, the area 

A 4 
ratio is — ^ = -. 


A 


1 


Q = cy x = c 2 v 2 -> K = v 2 ^ 


sJA . A. , s„K ,A, , 

0 glass hand 0 vinyl foot 


d 


; c 2 = 


glass 


vinyl 


A 

c, 


s n K . . 

0 vinyl foot 
^vinyl 

sJA . A. , 

0 glass hand 


K 


vinyl ^foot ^glass (3 ) (4 )(0-63) 

‘ (5)(1)(1.0) ' ■ 


K , A. .d . . 

glass hand vinyl 


d 


glass 




v = V l + V 2 =V 2 -^- + V 2 =2.5V 2 = 25, 000 V -> V 2 = 



10,000 V 


95. ( a ) Use Eq. 24-2 to calculate the capacitance. 

s.A (8.85 x 10~ 12 C 2 /n • m 2 )(2.0m 2 ) 
° d (3.0xl0 _3 m) 

Use Eq. 24-1 to calculate the charge. 


5.9 x 10~ 9 F 
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Q n =Cy n = ( 5.9 x1Q~ 9 f)( 45V) = 2.655 xlCT 7 C* |2.7xl(r 7 C 

The electric field is the potential difference divided by the plate separation. 
45 V 


15000 V/m 


E o=- = - 

d 3.0 x 10 J m 
Use Eq. 24-5 to calculate the energy stored. 


6.0 x 10 J 


^o=iC/o 2 =y(5-9xlO- 9 F)(45V) 2 = 

( b ) Now include the dielectric. The capacitance is multiplied by the dielectric constant. 
C = KC 0 = 3.2 (5.9 x 10~ 9 F) = 1.888 x 10~ 8 F < 


1.9x10 F 


The voltage doesn’t change. Use Eq. 24-1 to calculate the charge. 

Q = CV = KC 0 V = 3.2(5. 9 x 10~ 9 F)(45 V) = 8.496 x 10~ 7 C « |8.5xlO~ 7 C 

Since the battery is still connected, the voltage is the same as before, and so the electric field 
doesn’t change. 

E = E = 


15000V/ 


m 


Use Eq. 24-5 to calculate the energy stored. 

U = j-CV 2 - jKC 0 F 2 = t( 3.2)(5.9 x 10~ 9 f)(45 V) 2 


1.9 xlO J 


96. (a) For a plane conducting surface, the electric field is given by Eq. 22-5. 

= E s £ 0 A = (3 X 10 6 N/c)(8.85 x 10~ 12 C 2 /n • m 2 )(l50 x 10^m 2 ) 


(j Q 

£ = — = — -> Q 

s n s n A 


4 x 1 0~ 7 C 


= 3.98 x 10 C : 

(. b ) The capacitance of an isolated sphere is derived in the text, right after Example 24-3. 
C = 4 ns 0 r = An (8.85 x 10~ 12 C 2 /n • m 2 ) (l m) = 1 . 1 1 x 10” 


1 x 10~ 10 F 


(c) Use Eq. 24-1, with the maximum charge from part (a) and the capacitance from part (b). 


^ „ Q 3.98x10 C 

Q — cv — > v — — — ^ — 

C 1.11x10 F 


= 3586 V 


4000 V 


97.| (a) The initial capacitance is obtained directly from Eq. 24-8. 

Ke 0 A 3.7(8.85 pF/m)(0.21m)(0.14m) 


C„=- 


32 nF 


d 0.030 x 10 m 

(. b ) Maximum charge will occur when the electric field between the plates is equal to the dielectric 
strength. The charge will be equal to the capacitance multiplied by the maximum voltage, 
where the maximum voltage is the electric field times the separation distance of the plates. 

Q m ax = C 0 V = C 0 Ed = (32 nF) (15 x 10 6 V/m) (0.030 x 10~ 3 m) 


14 /jC 


(c) 


The sheets of foil would be separated by sheets of paper with 
alternating sheets connected together on each side. This capacitor 
would consist of 100 sheets of paper with 101 sheets of foil. 
t = 10W A1 + 100tf paper = 101(0.040 mm) + 100(0.030 mm) 

= 7.0 mm 
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id) 


Since the capacitors are in parallel, each capacitor has the same voltage which is equal to the 
total voltage. Therefore breakdown will occur when the voltage across a single capacitor 
provides an electric field across that capacitor equal to the dielectric strength. 


V. = E 


d = (15 x 10 6 V/m)(0.030 x l(T 3 m) = |450V 


98. From Eq. 24-2, C = — A. So if 

d 

we plot C vs. A, we should get a 

£ 

straight line with a slope of — . 

d 

^ = slope 
d 

d=^ 
slope 

8.85 x 1CT 12 C 2 /n • m 2 
8606 x 1(T 12 F/ m 2 

= 1.03xl0~ 3 m« 1 .0 mm 

The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH24.XLS,” on tab “Problem 24.98.” 
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CHAPTER 25: Electric Currents and Resistance 


Responses to Questions 

[T] A battery rating in ampere-hours gives the total amount of charge available in the battery. 

2. The chemical reactions within the cell cause electrons to pile up on the negative electrode. If the 
terminals of the battery are connected in a circuit, then electrons flow from the negative terminal 
because it has an excess of electrons. Once the electrons return to the cell, the electrolyte again 
causes them to move to the negative terminal. 

3. When a flashlight is operated, the battery energy is being used up. 

4. The terminal of the car battery connected to “ground” is actually connected to the metal frame of the 
car. This provides a large “sink” or “source” for charge. The metal frame serves as the common 
ground for all electrical devices in the car, and all voltages are measured with respect to the car’s 
frame. 

5. Generally, water is already in the faucet spout, but it will not come out until the faucet valve is 
opened. Opening the valve provides the pressure difference needed to force water out of the spout. 
The same thing is essentially true when you connect a wire to the terminals of a battery. Electrons 
already exist in the wires. The battery provides the potential that causes them to move, producing a 
current. 

6. Yes. They might have the same resistance if the aluminum wire is thicker. If the lengths of the wires 
are the same, then the ratios of resistivity to cross-sectional area must also be the same for the 
resistances to be the same. Aluminum has a higher resistivity than copper, so if the cross-sectional 
area of the aluminum is also larger by the same proportion, the two wires will have the same 
resistance. 

fr] If the emf in a circuit remains constant and the resistance in the circuit is increased, less current will 
flow, and the power dissipated in the circuit will decrease. Both power equations support this result. 
If the current in a circuit remains constant and the resistance is increased, then the emf must increase 
and the power dissipated in the circuit will increase. Both equations also support this result. There is 
no contradiction, because the voltage, current, and resistance are related to each other by V = IR. 

8. When a lightbulb burns out, the filament breaks, creating a gap in the circuit so that no current flows. 

9. If the resistance of a small immersion heater were increased, it would slow down the heating 
process. The emf in the circuit made up of the heater and the wires that connect it to the wall socket 
is maintained at a constant rms value. If the resistance in the circuit is increased, less current will 
flow, and the power dissipated in the circuit will decrease, slowing the heating process. 

10. Resistance is proportional to length and inversely proportional to cross-sectional area. 

(a) For the least resistance, you want to connect the wires to maximize area and minimize length. 
Therefore, connect them opposite to each other on the faces that are 2 a by 3 a. 

(b) For the greatest resistance, you want to minimize area and maximize length. Therefore, connect 
the wires to the faces that are la by 2a. 
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11 . 


12 . 


13. 


14. 


15. 


16. 


17. 


18. 


19 


20 . 


21 . 


When a light is turned on, the filament is cool, and has a lower resistance than when it is hot. The 
current through the filament will be larger, due to the lower resistance. This momentary high current 
will heat the wire rapidly, possibly causing the filament to break due to thermal stress or vaporize. 
After the light has been on for some time, the filament is at a constant high temperature, with a 
higher resistance and a lower current. Since the temperature is constant, there is less thermal stress 
on the filament than when the light is first turned on. 

When connected to the same potential difference, the 100-W bulb will draw more current (P = IV). 
The 75-W bulb has the higher resistance (V = IR or P = P/R). 

The electric power transferred by the lines is P = IV. If the voltage across the transmission lines is 
large, then the current in the lines will be small. The power lost in the transmission lines is P = PR. 
The power dissipated in the lines will be small, because / is small. 

If the circuit has a 15-A fuse, then it is rated to carry current of no more than 15 A. Replacing the 15- 
A fuse with a 25-A fuse will allow the current to increase to a level that is dangerously high for the 
wiring, which might result in overheating and possibly a fire. 

The human eye and brain cannot distinguish the on-off cycle of lights when they are operated at the 
normal 60 Hz frequency. At much lower frequencies, such as 5 Hz, the eye and brain are able to 
process the on-off cycle of the lights, and they will appear to flicker. 

The electrons are not “used up” as they pass through the lamp. Their energy is dissipated as light and 
heat, but with each cycle of the alternating voltage, their potential energy is raised again. As long as 
the electrons keep moving (converting potential energy into kinetic energy, light, and heat) the lamp 
will stay lit. 

Immediately after the toaster is turned on, the Nichrome wire heats up and its resistance increases. 
Since the (rms) potential across the element remains constant, the current in the heating element 
must decrease. 

No. Energy is dissipated in a resistor but current, the rate of flow of charge, is not “used up.” 

In the two wires described, the drift velocities of the electrons will be about the same, but the current 
density, and therefore the current, in the wire with twice as many free electrons per atom will be 
twice as large as in the other wire. 

(a) If the length of the wire doubles, its resistance also doubles, and so the current in the wire will 
be reduced by a factor of two. Drift velocity is proportional to current, so the drift velocity will 
be halved. 

( b ) If the wire’s radius is doubled, the drift velocity remains the same. ( Although, since there are 
more charge carriers, the current will quadruple.) 

(c) If the potential difference doubles while the resistance remains constant, the drift velocity and 
current will also double. 

If you turn on an electric appliance when you are outside with bare feet, and the appliance shorts out 
through you, the current has a direct path to ground through your feet, and you will receive a severe 
shock. If you are inside wearing socks and shoes with thick soles, and the appliance shorts out, the 
current will not have an easy path to ground through you, and will most likely find an alternate path. 
You might receive a mild shock, but not a severe one. 
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Solutions to Problems 


[l] Use the definition of current, Eq. 25- la. 

A Q 1.30 C 1 electron 

/ = — -> 1.30 A = x- 


A t 


1.60x10 C 


8 . 1 3 x 1 0 1 8 electrons/s 


2. Use the definition of current, Eq. 25- la. 

I = — -> AQ = IAt = (6.7A)(5.0h)(3600s/h) = 
At 


1.2x10 C 


3. Use the definition of current, Eq. 25-la. 

A Q (1200 ions)(L60xl0~ 19 C/ ion) 


/ = - 


At 


3.5x10 s 


5.5x10 A 


4. Solve Eq. 25-2a for resistance. 

V 120V 
R = — = 


/ 4.2A 


29 Q 


28 A 


5. (a) Use Eq. 25-2b to find the current. 

V 240 V 

V = IR -> / = - = = 27.91 A i 

R 8.6Q 

(/;) Use the definition of current, Eq. 25- la. 

I — — — > AQ - 1 At - (27.91 A)(50min)(60s/min) = 
At 


1.4 x 10C 


6. (a) Solve Eq. 25-2a for resistance. 

V 120V 


7 ? = — = 


= 12.63Q ■ 


13Q 


/ 9.5 A 

( b ) Use the definition of average current, Eq. 25- la. 

I — > AQ - 1 At = (9.5 A)(l5min)(60s/min) = 
At 


8600 C 


[ 7 ] Use Ohm’s Law, Eq. 25-2a, to find the current. Then use the definition of current, Eq. 25-la, to 
calculate the number of electrons per minute. 

60s 


V AQ 4.5 V 2.8 C 1 electron 
/ = — = — ^ = = x — x- 


R At 1.60 


1.60x10 C 1 min 


1.1x10* 


electrons 


minute 


8. Find the potential difference from the resistance and the current. 
R = (2.5 x 10~ 5 Q/m)(4.0 x 10 _2 m) = 1.0 x 10~ 6 Q 

V - IR- (3100A)(1.0 x 10~ 6 q) - |3.1 x 10~ 3 V 
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9. (a) Use Eq. 25-2b to find the resistance. 

(2 sig. fig.) 


R- V — Pd- 
I 0.60 A 


20 Q 


( b ) An amount of charge AQ loses a potential energy of ( A Q) V as it passes through the resistor. 
The amount of charge is found from Eq. 25- la. 

A U = (A Q)V = (lAt)V = (0.60A)(60s)(l2 V) = I 


430 J 


10. (a) If the voltage drops by 15%, and the resistance stays the same, then by Eq. 25-2b, V = IR, the 
current will also drop by 15%. 

4* - 0.85/^= 0.85(6.50 A) = 5.525 A = 


5.5 A 


(. b ) If the resistance drops by 15% (the same as being multiplied by 0.85), and the voltage stays the 
same, then by Eq. 25-2b, the current must be divided by 0.85. 


Ainal 


6.50 A 


0.85 0.85 


= 7.647 A = 


7.6 A 


1 1 . Use Eq. 25-3 to find the diameter, with the area as A - nr 2 - nd 2 /4 . 
4 i 


i 

R = p— = p- 
A nd~ 


— ^ d — , 


4 Up 4(1. 00m)(5. 6x10 8 Q*m) 


nR 


n 


(0.32 Q) 


4.7 x 10 m 


12. Use Eq. 25-3 to calculate the resistance, with the area as A = nr 2 = nd 1 / A . 

: ( 1.68 x 10 ' 8 Q.m) 4 ( 45m * 

n{\.5 x 10 3 m) 


£ 4 i 

R=p— = p 7 

A nd " 


4.3x10 Q 


13. Use Eq. 25-3 to calculate the resistances, with the area as A - nr 2 - nd 2 /A. 


i 4£ 

R = p— = p — 7 
A nd " 


R, 


A1 

nd ai 


4£ 


C“ 0 

' Ca ,2 

nd r . 


pJ M d 2 c u (2.65 xlQ- 8 Q.m)( 10.0 m) ( 1.8 mm ) 2 

PcAudl (l .68 x 10 ~ 8 Q*m)( 20 . 0 m)( 2.0 mm ) 2 


0.64 


22 , i 

14. Use Eq. 25-3 to express the resistances, with the area as A- nr~ - nd~ A, and so R- p—- p — 7 

A nd 2 


Ai Al 

K - R Cu Pw ~r - P Cu 


ndz 


nd:. 


-> 


d w= d a ,J— =( 2 -2mm) 

<1 Pcu 

The diameter of the tungsten should be 4.0 mm. 


5.6 x 10 s f2*m 


4.0 mm 

1 . 68 xlO~ 8 Q*m 
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15. (a) If the wire obeys Ohm’s law, then V - IR or I = — V, showing a linear relationship between 7 


and V. A graph of /vs. V should give a straight line with a slope of — and a y - intercept of 0. 

R 

(b) From the graph and the 

calculated linear fit, we see that 
the wire obeys Ohm’s law. 

slope = — — » 


7? 


R = 


1 


0.720 


A/V 


1.390 



The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename “PSE4_ISM_CH25.XLS,” on tab “Problem 25.15b.” 
(c) Use Eq. 25-3 to find the resistivity. 

I AR nd 1 R *(3.2 xlO^mV (1.390) 

A £ M 4(0.1 lm) 


1.0 x 10^O»m 


From Table 25-1, the material is pichrome| 


16. Use Eq. 25-5 multiplied by If A so that it expresses resistance instead of resistivity. 
7? = 7* 0 [i + a(r-r 0 )] = 1 . 157 ?, -> i + a(r-r 0 ) = i.i5 -> 

0.15 0.15 


T-T = 


a .0068 (C 0 ) 1 


22 C° 


So raise the temperature by 22 C° to a final temperature of 42°C . 


17. Since the resistance is directly proportional to the length, the length of the long piece must be 4.0 
times the length of the short piece. 

£ = £.+£, =£ hrt +4.0£. =5.0£ hIt -> i h = 0.20£ , £. =0.80£ 

short long short short short short ’ long 


Make the cut at 1 20% of the length of the wire 


= 0 - 201 , ^= 0.801 


R. =0.2R = 

short 


2.0Q 


, R, - 0.87? - 

1 long 


8.0Q 


18. Use Eq. 25-5 for the resistivity. 

Pi Al — PoAl — ^0)] — Po 


T = T 0+ — 


^0 w _ 1 

VtUai J 


= 20°C + 


( 5.6 x 10 _8 Q*m 


0.00429 (C 0 ) 1 


A 


-1 

2.65x10 s Q*m j 


= 279.49°C « 280°C 


19.| Use Eq. 25-5 multiplied by 1/ A so that it expresses resistances instead of resistivity. 
7?=7? 0 [l + a(T-r 0 )] -+ 


T = T + — 

± -‘o 

a 


R 

1 

\ R o J 


- 20°C - 


0.0045(C°) 1 


( 140Q ^ 



1 

= 2390°C « 

2400°C 

v 120 j 
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20. Calculate the voltage drop by combining Ohm’s Law (Eq. 25-2b) with the expression for resistance, 
Eq. 25-3. 

pi 4 pi , 4(l.68 xlO“ s Q*m)(26m) 

V = IR = I— = /-^- r = (l2A)-i — L 

A nd ;r(l.628xl0 3 m) 


2.5V 


2 1 . The wires have the same resistance and the same resistivity 

v (4)2£, 


^long ^short ^ 


4f 

short short 


^d\ ong ^d shoIt 




A A 

22. In each case calculate the resistance by using Eq. 25-3 for resistance 


d, 


long 


= V 2 


(«) A = 
(b) R = 


P l x _ 

(3.0x l(T 5 Q*m 

)(l.0xl0~ 2 m) 

A, ~ 

(2.0 x 10 _2 m)( 

4.0xl0' 2 m) 

P l y _ 

(3.0x10 5 Q»m 

)(2.0xl0~ 2 m) 

A* 

(l.O x 10~ 2 m)( 

AOxlO^m) 

pK 

(3.0xl0 _5 Q-m) 

|(4.0xl0~ 2 m) 


= 3.75x10 Q 


3.8 x 10^0 


1.5 x 10 O 


6.0 x 10 £2 


z A y (l.0xl0"m)(2.0xl0"m) 

23 . The original resistance is R 0 —V/l 0 , and the high temperature resistance is R-V/l , where the two 
voltages are the same. The two resistances are related by Eq. 25-5, multiplied by i/ A so that it 
expresses resistance instead of resistivity. 

1 


R = R 0 [l + a(T-T 0 )] -> T = T 0 +- 

a 


- 20.0°C + - 


f R ^ 

1 

(V/I ) 

1 

( I a \ 

1 

= r o+- 

1 1 

= r o+- 

-2-1 

vA J 

a 

d/i, J 

a 

U J 


0.00429 (C°) 


( 0.4212 A ^ 



1 

— j 

44.1°C 

V 0.3818A j 




V 

24. For the cylindrical wire, its (constant) volume is given by V - i 0 A 0 - (A, and so A-—. Combine 
this relationship with Eq. 25-3. We assume that A i <sc i 0 . 


t 


l i 2 


dR 


i 


r 0 =p— = p — ‘, R = p- = p— ; — = 2 p— 


A 


v n 


K 


di 


ARx— Ai = 2p — Al -> = 

di V 0 2 pi 


K 


A t _ V 0 AR 


A R 


i 2 pi 2 2 pt 
K 


A R 
R 


This is true for any initial conditions, and so 


A£ 

T 


A R 
R„ 
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25. The resistance depends on the length and area as R — pH/ A. Cutting the wire and running the wires 
side by side will halve the length and double the area. 

P( ] 2?) , P* 


R 2 = 


2 A 


A 


7*. 


26. The total resistance is to be 3700 ohms (7? total ) at all temperatures. Write each resistance in terms of 
Eq.25-5 (with T 0 = 0°C ), multiplied by £/ A to express resistance instead of resistivity. 

^, ota l = R 0C [! + a c T ] + ^0N t 1 + aj] = R 0C + + ^0N + R 0N a N T 

— R oc + R on + ( R oc OC ( , + ) T 

For the above to be true, the terms with a temperature dependence must cancel, and the terms 
without a temperature dependence must add to 7? total . Thus we have two equations in two unknowns. 


0-( R oc a c + R ON a N )T R m -~ 




a KI 


^total Kc ^0N R 0C 


R 0C a c _ R QC ( «c) 


-» 


« v 




K = K 




= (37000)- 


(«N“«c) 

\ / 

= R m] -R oc = 37000-1 644 O = 2056 O > 


( c °) 


V ’ ,=16440 « 

16000 


21000 


27. We choose a spherical shell of radius r and thickness dr as a differential element. The area of this 

2 

element is 4 nr . Use Eq. 25-3, but for an infinitesimal resistance. Then integrate over the radius of 
the sphere. 


I m di dr „ r } 

R = p— — > dR = p — = — » R= <77? = 

A A 4 nor~ J J 


dr 


1 


4nar~ 4 kg 


f n 

r 2 

1 



V r) 

r \ 

4/rcr 


r i) 


l 

28. (a) Let the values at the lower temperature be indicated by a subscript “0”. Thus R 0 -p 0 — 

A 

41 

= p 0 — y. The change in temperature results in new values for the resistivity, the length, and 

n d~ 

the diameter. Let a represent the temperature coefficient for the resistivity, and a T represent 
the thermal coefficient of expansion, which will affect the length and diameter. 

r, fT ,.'1 41, [i + g(r-r,)] 

" AL 1 " JJ :{dk + PT-TM °<\' + a 4 T ~ T A 


l 41 
R = p— = p — 7 

A 7id~ 


n\ 


rVI ■ R [ 1 + «r( r - 7 ’o)] = - R o[ 1 + a '( 7 ’- r o)] 

[i + « T (r-r 0 )j 
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T = 71 


(R-K) 


= 20°C 


(140Q-12Q) 


0 (R 0 a-Ra T ) " [( 12Q)(0.0045C o_1 )-(l40Q) (5.5x10^ C° -1 )’ 


= 20°C + 2405°C = 2425 °C * 2400°C 


(/;) The net effect of thermal expansion is that both the length and diameter increase, which lowers 
the resistance. 


A> nd 2 K KV+^jT-f)} 


R 


R 4f £ d 

Pa ,2 

7Td„ 


d : 


l 


*0 K[i + « T (r-r 0 )]} 2 [i + a T (r-r ffl )] 


l 


[l + (5.5 x 10~ 6 C°~ 1 )(2405°C)J 


= 0.9869 


% change = 


f R - R 0 'l 

f 


100 = 

K J 

V 


D ' 

1 100 = -1.31 

R„ 


-1.3% 


The net effect of resistivity change is that the resistance increases. 

41 

P—\ 

h ndn — = Po I- 1 + a ^ T - = [l + a (T - T 0 )\ = I~1 + (0.0045 C 0-1 )(2405°C)1 

Pa 


R„ 


p Mo. Pa 
Pa ,2 
7td 0 


= 11.82 
% change = 


0 

1 

=4 


f-H 



100 = 

100 = 1082 *| 

1100% 

l *0 J 


V^o J 




29. (a) Calculate each resistance separately using Eq. 25-3, and then add the resistances together to find 
the total resistance. 


Au = 


*A1 = 


Pc/ _ 4 PcJ _ 4 ( 1 -6Bxl0' 8 Q»m)(5.0m) 


71 d " 


71 


(l.4 x 10 _3 m) 2 


= 0.054567Q 


pj _ 4 pj _ 4(2.65 xlO 8 fW)(5.0m) 


nd~ 


71 


(l.4 x 10 3 m) 2 


= 0.086074Q 


R m ,1 = R Cu + R Al = 0.054567 Q + 0.086074Q = 0.140641Q = 


0.14Q 


( b ) The current through the wire is the voltage divided by the total resistance. 


1 = 


V 


85x10 V 


R totdl 0. 140641 Q 


= 0.60438A ! 


0.60 A 


(c) For each segment of wire, Ohm’s law is true. Both wires have the current found in ( b ) above. 
V Cu - IR Cu = (0.60438 A) (0.054567 Q) 


0.033V 


V AI = IR Al = (0.60438 A) (0.086074 Q) 
Notice that the total voltage is 85 mV. 


0.052 V 
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30. (a) Divide the cylinder up into concentric cylindrical shells of 
radius r, thickness dr, and length l. See the diagram. The 
resistance of one of those shells, from Eq. 25-3, is found. Note 
that the “length” in Eq. 25-3 is in the direction of the current flow, 
so we must substitute in dr for the “length” in Eq. 25-3. The area 
is the surface area of the thin cylindrical shell. Then integrate over 
the range of radii to find the total resistance. 

"f dr 

R = p — —> dR- p- 


R = 


A 

S dR =\ 


2 nrl 


P 


dr 

2nrl 


P -In— 


2nl 


( b ) Use the data given to calculate the resistance from the above 
formula. 


p , r 15x10 3 Q*ni 

R = — ln-2- = -In 

2 nl i\ 2n (0.024 m) 


f 1.8mm'' 


1.0 mm 


5.8x10^0 



(c) For resistance along the axis, we again use Eq. 25-3, but the current is flowing in the direction 
of length l . The area is the cross-sectional area of the face of the hollow cylinder. 

pi (l5xlO“ s Q-m) (0.024 m) 


R = *=. 


A n(rl -r 2 ) K (l.8xl0~ 3 m) 2 -(l.0xKT 3 m) 2 


0.51Q 


|31.| Use Eq. 25-6 to find the power from the voltage and the current. 
P -IV = (0.27 A) (3.0 V) = | 


0.81 W 


32. Use Eq. 25-7b to find the resistance from the voltage and the power. 




V 2 _ (240 V) 2 


P = — -> R = — = ■ 

R P 3300 W 


17Q 


33. Use Eq. 25-7b to find the voltage from the power and the resistance. 
V 2 


P = — -> V - s]~RP = ^/(3300Q)(0.25 W) 
R 


29 V 


34. Use Eq. 25-7b to find the resistance, and Eq. 25-6 to find the current. 


(„) - rPAJPVP 

R P 75 W 


= 161.3Q ! 


P 75 W 

P = IV -> / = - = = 0.6818 A i 


V 110V 


V 


V 2 (110V 2 

(b) P = — -> R = — = ^ - 

r p 440 W 


P 440 W 

P = IV -> / = - = 

V 110V 


= 27.5Q : 


2* 

160Q 



0.68 A 



« 

280 



4.0 A 
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35. (a) From Eq. 25-6, if power P is delivered to the transmission line at voltage V, there must be a 

current / = P/V . As this current is carried by the transmission line, there will be power losses 

of I 2 R due to the resistance of the wire. This power loss can be expressed as AP = I 2 R 
P 2 r/V 2 . Equivalently, there is a voltage drop across the transmission lines of V' = IR. 


Thus the voltage available to the users is V — V, and so the power available to the users is 
P' = (y-V)l = VI-V'I = VI-I 2 R = P-I 2 R. The power loss is A P = P - P' = P -(p - I 2 r) 

— I 2 R — 


p 2 r/v 2 


( b ) Since AP oc — V should be as large as possible to minimize AP. 


V V 

36. (a) Since P- — — > R- — says that the resistance is inversely proportional to the power for a 

constant voltage, we predict that the 850 W setting has the higher resistance. 

V 2 (120 V) 2 

(b) R = — = ± - 

P 850 W 


170 


V 2 (120V) 2 

(c) R = — = X ~ 

P 1250 W 


120 


|37.| (a) Use Eq. 25-6 to find the current. 
P = IV 


P 95 W 


0.83 A 


V 115V 

(. b ) Use Eq. 25-7b to find the resistance. 

V 2 V 2 (115 V) 2 

R P 95 W 


1400 


38. The power (and thus the brightness) of the bulb is proportional to the square of the voltage, 

V 2 

according to Eq. 25-7b, P - — . Since the resistance is assumed to be constant, if the voltage is cut 

R 

in half fro m 240 V to 120 V, the power will be reduced by a factor of 4. Thus the bulb will appear 
only about 1/4 as bright in the United States as in Europe. 


39. To find the kWh of energy, multiply the kilowatts of power consumption by the number of hours in 
operation. 


Energy - P ( in kW) t ( in h) - ( 550 W) 


f lkW A 
ylOOOW j 


(6.0 min) 


f lh A 
v 60 min j 


0.055 kWh 


To find the cost of the energy used in a month, multiply times 4 days per week of usage, times 4 
weeks per month, times the cost per kWh. 


Cost = 


foo- kwh ) 

f 4d 1 

' 4 week 2 

^9.0 cents 2 


1 d J 

v 1 week y 

1 month y 

l kWh ) 



7.9cents/month 
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40. To find the cost of the energy, multiply the kilowatts of power consumption by the number of hours 
in operation times the cost per kWh. 


Cost = (25 W) 


f lkW x 


1000W 


(365 day) 


24 h 
lday 


$0,095 
. kWh ) 


$21 


4 1 . The A»h rating is the amount of charge that the battery can deliver. The potential energy of the 
charge is the charge times the voltage. 


U = QV = (75A-h) 


f 3600s A 

J 


(12 V) = 


3.2 x 10 J 


= 0.90 kWh 


42. (a) Calculate the resistance from Eq. 25-2b and the power from Eq. 25-6. 

7.9Q| P -IV - (0.38 A)(3.0 V) = 1.14 W ; 


V 3.0V 

R = — = = 7.895Q ! 


1.1W 


/ 0.38A 

( b ) If four D-cells are used, the voltage will be doubled to 6.0 V. Assuming that the resistance of 
the bulb stays the same (by ignoring heating effects in the filament), the power that the bulb 

V 2 

would need to dissipate is given by Eq. 25-7b, P- — .A doubling of the voltage means the 

power is increased by a factor of [4] . This should not be tried because the bulb is probably not 
rated for such a high wattage. The filament in the bulb would probably bum out, and the glass 
bulb might even explode if the filament bums violently. 


|43.| Each bulb will draw an amount of current found from Eq. 25-6. 


p = iv /**=- 


The number of bulbs to draw 15 A is the total current divided by the current per bulb. 


P VI (120 V)(l5 A) 

I =nl=n — — > n = — — = 

total bulb y p 75 W 


24 bulbs 


44. Find the power dissipated in the cord by Eq. 25-7a, using Eq. 25-3 for the resistance. 

, 4£ , , 2 / s \ 4 (5.4 m) 

- I-p ^ - (15.0 A)' (1.68 x 10 8 Q-m) 

nd~ Ar(0.129xl0"m)" 


, , i i 

P = I 2 R=I 2 p- = I 2 p 

A 7id~!A 


= 15.62 W ~ 16 W 


45. Find the current used to deliver the power in each case, and then find the power dissipated in the 
resistance at the given current. 


P = IV I = — 
V 


P . =IR = —R 

dissipated y2 


(7.5 x 10 5 w) 2 


1 dissipated 
12,000 V 


1 dissipated 
50,000 V 



(5 x 10 4 v) 


(3.0Q) = 11719 W 

(3 .0 Q) = 675 W difference = 11719W-675W = 


1.1x10 W 
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46. (a) By conservation of energy and the efficiency claim, 75% of the electrical power dissipated by 
the heater must be the rate at which energy is absorbed by the water. 

Q mcAT 

heat water v 


0 75 = P 

emitted by absorbed 

electromagnet by water 


0.75 (IV) = 


t 


mcAT _ (0.120kg)(4186J/kg)(95°C - 25°C) 
_ 0.75 Vt~ (0.75)(l2V)(480s) 

( b ) Use Ohm’s law to find the resistance of the heater. 

V 12V 

V = IR -> R = — = 

/ 8.139 A 


= 8.139 A i 


1.1 A 


1.50 


47. The water temperature rises by absorbing the heat energy that the electromagnet dissipates. Express 
both energies in terms of power, which is energy per unit time. 

Q mcAT 

heat water v 


p - p 

electric to heat 


-> IV = 


t 


t 


m 


IV _ (17.5A)(240V) 


t cAT (4186J/kg.°C)(6.50C o ) 
This is 154mL/s. 


= 0.154 kg/s « 0.15kg/ 


48. For the wire to stay a constant temperature, the power generated in the resistor is to be dissipated by 
radiation. Use Eq. 25-7a and 19-18, both expressions of power (energy per unit time). We assume 
that the dimensions requested and dimensions given are those at the higher temperature, and do not 
take any thermal expansion effects into account. We also use Eq. 25-3 for resistance. 

I 2 R = £ aA(T^- T l) -> f^ = sandi{T^-Tl) 


-» 


d = 


4 1 2 p 

1/3 

4(15.0 A) 2 (5.6 xl0~ 8 O-m) j 

- t Dj 


^ 2 (1 .0) (5.67 x 1 0" 8 w/nf »K 4 ) 

(3100K) 4 -(293K) 4 ]J 


= 9.92 x 10~ 5 m i 


0.099 mm 


49. Use Ohm’s law and the relationship between peak and rms values. 


/ = 4ll = x/2^ = V2- 

peak n» R 27000 


220 V 


0.12A 


50. Find the peak current from Ohm’s law, and then find the rms current from Eq. 25-9a. 


/ . = 
peak 


V 


peak 


180V 


R 3800 


= 0.47368 A 


0.47 A 


I =1 V 

rms peak 


2 =(0.47368 A)/x/2 = 


0.33A 


51. (a) When everything electrical is turned off, no current will be flowing into the house, even though 
a voltage is being supplied. Since for a given voltage, the more resistance, the lower the 


current, a zero current corresponds to an [infinite resistance) 
( b ) Use Eq. 25-7a to calculate the resistance. 

V 2 V 2 (120V) 2 

P = — -> R=-=±- Ar = 

R P 2(75 W) 


960 
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52. The power and current can be used to find the peak voltage, and then the rms voltage can be found 
from the peak voltage. 


P = I V = -> F_. = 


sflP _ V 2 (1500 W) 


rms rms 




peak 


5.4 A 


390V 


53. Use the average power and rms voltage to calculate the peak voltage and peak current. 
(«) V^ = yf2V m =yf2 (660V) = 933.4V 


930V 


(b) P = I V = 

V / rms rms 


peak 

VT 


F„ 


I , = 


V2F _ V 2 (1800 W) 


F 


660 V 


3.9 A 


54. (a) We assume that the 2.5 hp is the average power, so the maximum power is twice that, or 5.0 hp, 
as seen in Figure 25-22. 


5.0 hp 


^ 746 

lhp 


= 3730 W ! 


3700 W 


(. b ) Use the average power and the rms voltage to find the peak current. 


/ 


P = I V -> I = 

rms peak 


4lP _ V 2 [f(3730W)] 


rms rms 


F 


240 V 


1 1 A 


|55.| (a) The average power used can be found from the resistance and the rms voltage by Eq. 25- 10c. 


- F 2 (240 V) 2 
P = -=*- = v z_ _ 1309 W ; 


1300 W 


R 44 Q 

(. b ) The maximum power is twice the average power, and the minimum power is 0. 
P - 2P - 2 (1309 W) « 1 2600 W I P = 

max \ / min 


0W 


56. (a) Find F ms . Use an integral from Appendix B-4, page A-7. 




2 nt 
I ^0 sm — 


dt 


T 


sm 


f Ant'' 


v j J 


8 n 
T 


7o 


0 

V 2 J 




(. b ) Find F m 
F 


, T ~y 1 r , 772 , T 

-]r-<h = yf F> + yJ(0)’* 


F 2 T 
-*■ — + 0 
T 2 


>/2 


57. (a) We follow the derivation in Example 25-14. Start with Eq. 25-14, in absolute value. 

j I I Aim 


j = «ev d -> v d = 


d ne ^ 


TV (l mole) 


A 


Pd 


n (l mole) 

4(2.3 xlO~ 6 A)(63.5xlO~ 3 kg) 


n (yc/) 2 


N p D eitd 2 


(6.02 x 10 23 )(8.9 x 10 3 kg/m 3 )(l.60 x 10 19 C)^-(0.65 x 10~ 3 m) 2 


5.1 x 10 10 m/s 
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(. b ) Calculate the current density from Eq. 25-11. 

I I 41 4(2.3 x1(T 6 a) . , 7 

— - = — ^ = 6.931 A/m- « 6.9 a/ 


J 


A nr nd 2 ?r(6.5 x 10" 4 m) 

(c) The electric field is calculated from Eq. 25-17. 
1 


m 


J = ~E 
P 


E = pj = (l.68 x 10 8 fi»m) (6.931 a/ m 2 ) = 1.2xl0" 7 V/m 


58. ( a ) Use Ohm’s law to find the resistance. 

F 0.0220 V 

F = /A -> 7? = - = = 0.029330 

/ 0.75 A 

(h) Find the resistivity from Eq. 25-3. 
pi 

R = — _> 

A 


0.0290 


P = 


7U1 Rnr 2 (0.029330)^(1.0 x 10" 3 m) 2 


l i (5.80 m) 

(c) Use Eq. 25-1 1 to find the current density. 


= 1.589x10"* O-m 


1.6 x 10 8 0*m 


/ / 


0.75 


J 


A nr n (0.0010 m) 

(1 d ) Use Eq. 25-17 to find the electric field. 

J-'-E - 
P 


2.387 x 10 5 A/m 2 « 2.4xl0 5 A/m 2 


E = pj = (1.589 x 10" 8 O.m) (2.387 x 10 5 A/m 2 ) = 3.793 x 10" 3 V/m * |3.8xlO" 3 V/m 


(e) Find the number of electrons per unit volume from the absolute value of Eq. 25-14. 


j - nev d — > n - 


j _ 2.387 xlO 5 A/m 2 

v d e ~ (l.7 x 10” 5 m/s)(l.60 xlO” 19 C) 


8.8xl0 28 e / m 3 


59. We are given a charge density and a speed (like the drift speed) for both types of ions. From that we 
can use Eq. 25-13 (without the negative sign) to determine the current per unit area. Both currents 
are in the same direction in terms of conventional current - positive charge moving north has the 
same effect as negative charge moving south - and so they can be added. 

/ = neAv A — > 

— - («ev d ) Hc + («ev d ) Q = [(2.8 x 10 12 ions/m 3 ) 2 (l. 60 x 10"' 9 C/ion)(2.0 x 10 6 m/s)J + 

[(7.0 x 10 n ions/m 3 )(l.60xl0" 19 C/ion)(6.2xl0 6 m/ s )] 


= 2.486 A/m 2 « 2.5 A/m 2 , North 


60. The magnitude of the electric field is the voltage change per unit meter. 
■ AV _ 70 x 10" 3 V 
Ax 1.0x10 8 m 


7.0 xlO 6 V/m 
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61. The speed is the change in position per unit time. 


35 m/s 


Ax 7.20x10 ~m-3.40xl0 *m 

At 0.0063 s -0.0052 s 

Two measurements are needed because there may be a time delay from the stimulation of the nerve 
to the generation of the action potential. 

62. The power is the work done per unit time. The work done to move a charge through a potential 
difference is the charge times the potential difference. The charge density must be multiplied by the 
surface area of the cell (the surface area of an open tube, length times circumference) to find the 
actual charge moved. 

„ W QV O 

p - — - — — - — V 
t t t 


r 


3x10 7 


mol 


f 


m *s ) 


6.02x10* 


V 


ions 


mol ) 


f 


1.6x10' 


V 


C 


ion J 


(0.10m)^(20xl0' 6 m)(0.030V) 


= 5.4xlO" J W 


63. The energy supplied by the battery is the energy consumed by the lights. 
E V =E , ^ QAV = Pt -> 

supplied consumed 

QAV _ (85A-h)(3600s/h)(l2V) 


t = 


92 W 


= 39913s 


( lh A 


v 3600s j 


= 11.09h : 


1 lh 


64. The ampere-hour is a unit of charge. 


(l.00A-h) 


lC/s 


3600 s 


lh ) 


3600 C 


65. Use Eqs. 25-3 and 25-7b. 

„ l l 4 pi 


£ = ■ 


p = YL = v 


R 4 pi 


(1.5 V) 2 7r| 

[5.0 x 10 4 m) 

2 

1 

4| 

o 

X 

oo 

vq 

s Q*m) 

(15W) 




71 d 2 

= 1.753m: 


1.8m 


If the voltage increases by a factor of 6 without the resistance changing, the power will increase by a 
factor of 36. The blanket would theoretically be able to deliver 540 W of power, which might make 
the material catch on fire or bum the occupant. 


66. Use Eq. 25-6 to calculate the current. 

P 746 W 
P = IV -> / = - = 


V 120V 


6.22 A 


67. From Eq. 25-2b, if R = V/l , then G = i/V 


I 0.48 A 
V 3.0V 


0.16S 
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68. Use Eq. 25-7b to express the resistance in terms of the power, and Eq. 25-3 to express the resistance 
in terms of the wire geometry. 


P = 


4 P 


r_ 

R 

i 

nd 2 


V 2 

1 

l 

£ 

-> R = — 

R = p— - 

- P — y = 4 p 


P 

A 

nr 

nd 2 

.YL d - 

4 plP 

|4(9.71 xl(T 8 

n-m)(3.5m)(l500W) 

p 

V nV 2 ~]j 

/r(llOV) 2 


2.3 x lO^m 


69. (a) Calculate the total kWh used per day, and then multiply by the number of days and the cost per 
kWh. 

(l.8kW)(2.0h/d) + 4(0.1 kW) (6.0 h/d) + (3.0kW)(l.0h/d) + (2.0kWh/d) 

= 11.0 kWh/d 

4 $0.105^| 


Cost = (11.0 kWh/d) (30 d) 


kWh 


= $34.65 « $35 per month 


(. b ) The energy required by the household is 35% of the energy that needs to be supplied by the 
power plant. 

Elousehold Energy = 0.35 (coal mass) (coal energy per mass) — > 


coal mass = 


Elousehold Energy 
(0.35) (coal energy per mass) 


(l 1. 0 kWh/d) (365 d) 


f lOOOW^ 

^ 3600 s 

L kW J 

l lh J 


(0.35) 


7500 


kcal 

k g 


^ 4186 J ^ 
lkcal 


= 1315 kg « 1300 kg of coal 


P 15x10 W , 

70. To deliver 15 MW of power at 120 V requires a current of / = — = = 1.25 x 10 A . 

V 120V 


Calculate the power dissipated in the resistors using the current and the resistance. 


2(1. 0m) 


P = I 2 R = I 2 p — = I 2 p-^ 1 = 4I 2 p -At = 4 ( 1.25 X 10 5 a) 2 (l.68 x 10^O-m)- 

A rtr nd- /r(5.0xl0" 3 m)‘ 


= 2.674 xl0 7 W 


Cost = (Power) (time) (rate per kWh) = (2.674 x 10 7 w) 


lkW 

1000W 


(lh) 


$0,090 

kWh 


= $2407 ; 


$2, 400 per hour per meter 


71. (a) Use Eq. 25-7b to relate the power to the voltage for a constant resistance. 


rJE 

R 


(105 yf/R _ (105 v ) 2 


(117V) /R (117V)" 


= 0.805 or a 19.5% decrease 


(b) The lower power output means that the resistor is generating less heat, and so the resistor’s 
temperature would be lower. The lower temperature results in a lower value of the resistan ce, 


which would increase the power output at the lower voltages. Thus the [decrease would be 


|smaller| than the value given in the first part of the problem. 
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72. Assume that we have a meter of wire, carrying 35 A of current, and dissipating 1.5 W of heat. The 

, pi 

power dissipated is P R = PR , and the resistance is R = — . 

A 

A 7tr 7td~ 

,= \PP-U fZ = 2( 3 5A)< p^B = 

V P r p \ p ,P I (1.5W)* 


J (a) The resistance at the operating temperature can be calculated directly from Eq. 25-7. 

V 2 V 2 (120V) 2 

P = — -> R = — =A ’— = 190£2 

R P 75 W 

( b ) The resistance at room temperature is found by converting Eq. 25-5 into an equation for 
resistances and solving for R 0 . 

R = R 0 [l + a(T-T 0 )] 


192 £2 


[l + a (r - T 0 )] [l + (0.0045 K 1 ) (3000 K - 293 K)~ 


= 150 


74. (a) The angular frequency is co - 210 rad/s . 

co 210rad/s 

/ = — = '— = 33.42Hz * 33Hz 

2 n 2 k 

(. b ) The maximum current is 1.80 A. 

/ 1.80 A 

I = — — = 1.27A 

ms y/2 yfl 

(c) For a resistor, V = IR . 

V = IR = (l.80A)(sin210f)(24.0Q) = 1(43.2 sin210t)V 


75. (a) The power delivered to the interior is 65% of the power drawn from the source. 


P, . =0.65 P P 

interior source so 


P 950 W 

^22!- = = 1462 W « 1500 W 


0.65 0.65 1 1 

(. b ) The current drawn is current from the source, and so the source power is used to calculate the 
current. 


P = IV „„ / = 


1462 W 
120V 


= 12.18 A « 12 A 


76. The volume of wire is unchanged by the stretching. The volume is equal to the length of the wire 
times its cross-sectional area, and since the length was increased by a factor of 1 .20, the area was 
decreased by a factor of 1.20. Use Eq. 25-3. 

R 0 = p^ f = 1.20 £ 0 A = -^~ R = p — = p— — = (1.20) 2 = \AAR 0 = 1 1.44 £2 
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77. The long, thick conductor is labeled as conductor number 1, and the short, thin conductor is labeled 
as number 2. The power transformed by a resistor is given by Eq. 25-7b, P - V 2 / R , and both have 
the same voltage applied. 

I £ 

R l -p — R 2 = p— £j =21, A x - 4 A, (diameter, = 2 diameter,) 

A ' A 

Pi -Vr/R. _R i _ptjA 1 J_iAJ _ xA ^ 2 


p 2 v:/r 2 


R x pljA, 


£, 4 


^:^=2:1 


78. The heater must heat 108m' of air per hour from 5°C to 20° C , and also replace the heat being lost 
at a rate of 850 kcal/h. Use Eq. 19-2 to calculate the energy needed to heat the air. The density of 
air is found in Table 13-1. 


Q — me AT 


0 m , ^ 
— - — cAT = 
t t 


f 


3 \ 

108 — 
h 


1.294 

V m j 


f 


0.17 


V 


kcal 

kg*C° 


Power required = 355 


kcal 


850 


kcal 


= 1205 


kcal 


4186 J 
kcal J 


lh 


v 3600s j 


(15C°) = 355 


= 1401 W 


kcal 


1400 W 


[79J (a) UseEq. 25-7b. 


V 


V 2 _ (240V) 2 


P = — -> i? = — = v - y = 20.57 Q 
R P 2800 W 


21Q 


( b ) Only 75% of the heat from the oven is used to heat the water. Use Eq. 19-2. 
0.75 ( P vcn ) t = Eleat absorbed by water = me AT — > 


^lkg A 


t = 


me AT 
0.75(P ) 

\ oven / 


v 1 L y 


(0.120L) — (4186j/kg-C 0 )(85C°) 


0.75(2800 W) 


= 20.33s: 


20 s 


(2 sig. fig.) 


(c) (2.8 kW) (20.33 s) lh 


kWh 


3600 s 


0.1 7 cents 


80. (a) The horsepower required is the power dissipated by the frictional force, since we are neglecting 
the energy used for acceleration. 


P = Fv = (240 N) (45 km/hr) 


lm/s 


3.6 km/hr 


= 3000W 


f lhp A 


746 W 


4.0 hp 


( b ) The charge available by each battery is Q - 95A*h = 95 C/ s*3600 s = 3.42 x 10 5 C , and so the 

total charge available is 24 times that. The potential energy of that charge is the charge times 

the voltage. That energy must be delivered (batteries discharged) in a certain amount of time to 

produce the 3000 W necessary. The speed of the car times the discharge time is the range of the 

car between recharges. 


U QV 
P = — = — 


QV d 

-> t = — = — -> 


d = vt = v 


QV _ QV QV 24(3.42 x1Q 5 c)(12V) 


Fv F 


240 N 


410km 
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8 1 . The mass of the wire is the density of copper times the volume of the wire, and the resistance of the 
wire is given by Eq. 25-3. We represent the mass density by p m and the resistivity by p. 

I pi n n pi 

R = p- -> A = — m = pjA = pj— -> 

A R R 


1 = 


mR 


(0.0155kg)(l2.5fi) 


PmP \ (8.9 x 10 3 kg/m 3 ^1.68 x 10 s Q*m) 


= 35.997m 


36.0m 


A = — = Ji(\d)~ — > d- 

R J 


4 pi _ l 

14 

(l.68xlO~ 8 Q-m) 

1(35.997 m) 

1 7tR \ 

/r(l2.5Q) 


2.48x10 m 


82. The resistance can be calculated from the power and voltage, and then the diameter of the wire can 
be calculated from the resistance. 


pL 


V 2 V- pL pL V~ 

P = — -> R = — R = ±— = —C — -> — = 

R PA 7r(\d) P n{\d) 


ApLP 4(100x10 _8 Q-m)(3.8m)(95W) 

d = A = ■ — ; — “ ry = 1 - 

;r(l20V) 


= 1.787 xlO m: 


V nV~ 

83. UseEq. 25-7b. 

. , V 2 (120V) 2 

(a) p = — = 

R 12Q 


V (120 vY 

(b) p = — = 4 — = 103 W 

R 140Q 


1.8 x 10 m 


1200 W 


100W 


(2 sig. fig.) 


84. Use Eq. 25-7b for the power in each case, assuming the resistance is constant. 


(v 2 / r \ 

(v 2 j R ) 


13.1 


12.0 


= 1.3225 = 32% increase 


|85.| Model the protons as moving in a continuous beam of cross-sectional area A. Then by Eq. 25-13, 

/ = neA v d , where we only consider the absolute value of the current. The variable n is the number 

N 

of protons per unit volume, so n — , where N is the number of protons in the beam and l is the 

AP 

circumference of the ring. The “drift” velocity in this case is the speed of light. 

, , N N 

I — neAv, = eAv, = — ev, — > 


A£ 


/ 


N = 


IP 


(l 1 x 10 -3 ) (6300 m) 


ev d (l .60 x 10~ 19 c)( 3.00 x 10 8 m/s) 


1.4 x 10 12 protons 


86. (a) The current can be found from Eq. 25-6. 

I = pjy I A = PjV A - 40W/120 V - 


0.33 A 


Ys = P b /V b = 40W/12 V = 


3.3 A 
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( b ) The resistance can be found from Eq. 25-7b. 


V 


R = — R=^- = 


v; (120V) 2 


40 W 


3600 


Eg 2 (12 V)- 

5 P B 40 W 


3.60 


(c) The charge is the current times the time. 

Q = It Q A =I A t = ( 0.33A)(3600s) = 


1200 C 


Q b =/gt = (3.3A)(3600s)= 12, 000 C 

(d) The energy is the power times the time, and the power is the same for both bulbs. 
E = Pt E a =E b =(40W)(3600s) = | 


1.4 x 10 3 J 


(e) [Bulb B| requires a larger current, and so should have larger diameter connecting wires to avoid 
overheating the connecting wires. 

87. (a) The power is given by P = IV . 

P = IV = (14 A)(220 V) = 3080W 


3 100 W 


2 P £ 

( b ) The power dissipated is given by P R - I~R , and the resistance is R = — . 

A 


P , =/ . s = / -Ar4=,'V =( ,4Ay 

A nr nd 


4(l.68 x 10 s O •m )( 15m ) 
7T (l .628 x 10~ 3 m) 2 


= 23.73 W 


24 W 


a pL x2 4(l.68xl0~ 8 Q»m)(l5m) 

(C) = 1 ~^rP ~ ( 14 A ) 7 - = 14.92 W: 

xd n (2.053 xl0 _3 m) 

(d) The savings is due to the power difference. 


Savings = (23.73 W - 14.92 W) 
= $0.3 806 /month 


15 W 


( lkW 'l 

i 40rll 

f 12h^j 

f $0.12 ^ 

[iooow J 


l Id J 

v lkWh J 


3 8 cents per month 


The wasted power is due to losses in the wire. The current in the wire can be found by I — P/V . 
V V A V nr 2 


V nd 

(1750 W) 2 4(l.68 xl0“ 8 Q.m) (25.0m) 
(120V) 2 


n 


(2.59 x 10~ 3 m) 2 


= 16.954 W 


17.0 W 


(b) P R = 


V- nd- (120 V)" 7T (4. 12 x 10" 3 m) 


i)(25.0m) , 


/ v 7 _ 

-3 

6.70 W 

m ) 



89. (a) The D-cell provides 25 mA at 1.5 V for 820 h, at a cost of $1.70. 


Energy = Pt = Vlt = (1.5 V)(0.025A)(820h) 


f lkW A 


1000W 


= 0.03075kWh 
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Cost/kWh 


SI CO 


0.03075 kWh 


= $55.28/kWh * |$55/kWh 


(. b ) The AA-cell provides 25 mA at 1.5 V for 120 h, at a cost of $1.25. 


Energy = Pt = Vlt = (1.5 V)(0.025 A)(l20h) 


( lkW A 


1000W 


= 0.0045 kWh 


Cost/kWh = ■ 


$1.25 


The D-cell is 


0.0045 kWh 
$55.28/kWh 


= $277. 78/kWh * $280/kWh 


$0.1 0/kWh 


550 x as costly 


. The AA-cell is 


$277.78/kWh 
$0.1 0/kWh 


2800 x as costly 


90. The electrons are assumed to be moving with simple harmonic motion. During one cycle, an object 
in simple harmonic motion will move a distance equal to the amplitude from its equilibrium point. 
From Eq. 14-9a, we know that v max = Act), where co is the angular frequency of oscillation. From 

Eq. 25-13 in absolute value, we see that 7 max = neA v max . Finally, the maximum current can be 

related to the power by Eqs. 25-9 and 25-10. The charge carrier density, n, is calculated in Example 
25-14. 


p=i v =-M v 

rms rms ^2 max rms 


V 

max 


yflP 


co cone A nd~ yr 

cone V_ 


4 V 2 (550 W) 


2;r(60Hz)(8.4xl0 28 m 3 )(l.60xl0~ 19 C)7r(l.7xl0~ 3 m) (120V) 


5.6x10 m 


The electron will move this distance in both directions from its equilibrium point. 


|91.| Eq. 25-3 can be used. The area to be used is the cross-sectional area of the pipe 

p l (l.68 x 10“ 8 Q»m)(l0.0m) 


* = ^ = 
A 


K { r L ~ r l) ^f" (2.50 x 10 _2 m) 2 - (l .50 x 10 _2 m) 2 


1.34 x 10 Q 


92. We assume that all of the current that enters at a leaves at b, so that the current is the same at each 
end. The current density is given by Eq. 25-11. 

I _ I _ 4 1 _ 4(2.0 A) 


7a = 


A ^(i«) 2 xa 2 /r (2.5 x 10~ 3 m) 2 
/ / _ 41 4(2.0 A) 


4.1 xlO 5 A/m 2 


A b 7r(\b) rtb 2 ^-( 4.0 x 10 _3 m) 


1.6 x 10 5 A/ m 2 
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93. Using Eq. 25-3, we find the infinitesimal resistance 
first of a thin vertical slice at a horizontal distance 
x from the center of the left side towards the center 
of the right side. Let the thickness of that slice be 
dx. That thickness corresponds to the variable i in 
Eq. 25-3. The diameter of this slice is 
x , , 

a + —[b - a ) . Then integrate over all the slices to 



find the total resistance. 

£ 

R-p — — > dR = p- 
A 


dx 


+ ^(b-a)j 


-» 


n- 


R = 


f dR in 

dx 

4 p £ 

1 


4 p £ 

J ctK - J p 

0 i 1 


n b - a \ 

^ a + — (b - all 


n ab 


V 3.2 V 

94. The resistance of the filament when the flashlight is on is R - — = = 1 6 Q . That can be used 

/ 0.20 A 

with a combination of Eqs. 25-3 and 25-5 to find the temperature. 
i? = J Ro[i+a(r-r 0 )] -> 


r = r 0 + 


— -l 

V*o J 


- 20° C + 


1 


0.0045 (c°) ' 


' 16Q ^ 

1.50 j 


- 2168° C 


2200° C 


95. When the tank is empty, the entire length of the wire is in a non-superconducting state, and so has a 
non-zero resistivity, which we call p. Then the resistance of the wire when the tank is empty is 

£ V 

given by R 0 = p — - — . When a length x of the wire is superconducting, that portion of the wire 
A I 

has 0 resistance. Then the resistance of the wire is only due to the length £ — x, and so 
£ — x £ £ — x £ — x 

- . This resistance, combined with the constant current, gives 


R = P 

o — 


A 

A 

£ 

£j 

ii 





1 i-x 

ii 

£= 

ii 

4, 


III. 




£ 


£ 


■ = V n 


1-- 

v i) 


= ^o(l -/) 


/ = 1 - 


Thus a measurement of the voltage can give the fraction of the tank that is filled with liquid helium. 
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96. We plot resistance vs. temperature. 

The graph is shown as follows, with no 
curve fitted to it. It is apparent that a 
linear fit will not be a good fit to this 
data. Both quadratic and exponential 
equations fit the data well, according to 
the R-squared coefficient as given by 
Excel. The equations and the 
predictions are given below. 

R =(30.1xl0V°° 442r )Q 

exp V J 

R qmi = [(7.39 xl0 4 )r 2 - 8200T + 25.9 x 10 4 ]q 
S olving these expressions for — 57, 641 0 (using the spreadsheet) gives T exp - 37.402°C and 


1 A 

1*+ 

1 O - 

► 






1 z 
1 n - 

♦ 

♦ 






1U 
G 0 


♦ 

♦ 

4 





O 

'fr 

O 



♦ ♦ 

A 



w ^ 

^ A - 




♦ 1 

♦ ♦ 


4 

0 - 






♦ ♦ i 

z 

A 







20 2 

5 3 

0 35 4 

T (°C) 

0 4 

5 50 


T ii , [d = 37.02 1°C . So the temperature is probably in the range between those two values: 


37.021°C < T < 37.402°C| . The average of those two values is T - 37.21°C| . The spreadsheet 


used for this problem can be found on the Media Manager, with filename “PSE4_ISM_CH25.XLS,” 
on tab “Problem 25.96.” 


As an extra comment, how might you choose between the exponential and quadratic fits? While 
they both give almost identical predictions for this intermediate temperature, they differ significantly 
at temperatures near 0°C. The exponential fit would give a resistance of about 301 ,000 Q at 0°C, 
while the quadratic fit would give a resistance of about 259,000 Q at0°C. So a measurement of 
resistance near 0°C might be very useful. 
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Responses to Questions 

[f] Even though the bird’s feet are at high potential with respect to the ground, there is very little 

potential difference between them, because they are close together on the wire. The resistance of the 
bird is much greater than the resistance of the wire between the bird’s feet. These two resistances are 
in parallel, so very little current will pass through the bird as it perches on the wire. When you put a 
metal ladder up against a power line, you provide a direct connection between the high potential line 
and ground. The ladder will have a large potential difference between its top and bottom. A person 
standing on the ladder will also have a large potential difference between his or her hands and feet. 
Even if the person’s resistance is large, the potential difference will be great enough to produce a 
current through the person’s body large enough to cause substantial damage or death. 

2. Series: The main disadvantage of Christmas tree lights connected in series is that when one bulb 
bums out, a gap is created in the circuit and none of the bulbs remains lit. Finding the bumed-out 
bulb requires replacing each individual bulb one at a time until the string of bulbs comes back on. As 
an advantage, the bulbs are slightly easier to wire in series. 

Parallel: The main advantage of connecting the bulbs in parallel is that one bumed-out bulb does not 
affect the rest of the strand, and is easy to identify and replace. As a disadvantage, wiring the bulbs 
in parallel is slightly more difficult. 

3. Yes. You can put 20 of the 6-V lights in series, or you can put several of the 6-V lights in series with 
a large resistance. 

4. When the bulbs are connected in series, they have the same current through them. R 2 , the bulb with 
the greater resistance, will be brighter in this case, since P = PR. When the bulbs are connected in 
parallel, they will have the same voltage across them. In this case, R u the bulb with the lower 
resistance, will have a larger current flowing through it and will be brighter: P = V*/R. 

5. Double outlets are connected in parallel, since each has 120 V across its terminals and they can be 
used independently. 

6. Arrange the two batteries in series with each other and the two bulbs in parallel across the combined 
voltage of the batteries. This configuration maximizes the voltage gain and minimizes the equivalent 
resistance, yielding the maximum power. 

fr] The battery has to supply less power when the two resistors are connected in series than it has to 

V 2 

supply when only one resistor is connected. P = IV = , so if V is constant and R increases, the 

R 

power decreases. 

8. The overall resistance decreases and more current is drawn from the source. A bulb rated at 60- W 
and 120-V has a resistance of 240 O. A bulb rated at 100-W and 120-V has a resistance of 144 Q. 
When only the 60-W bulb is on, the total resistance is 240 Q. When both bulbs are lit, the total 
resistance is the combination of the two resistances in parallel, which is only 90 Q. 

9. No. The sign of the battery’s emf does not depend on the direction of the current through the battery. 
Y es, the terminal voltage of the battery does depend on the direction of the current through the 
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battery. Note that the sign of the battery’s emf in the loop equation does depend on the direction the 
loop is traversed (+ in the direction of the battery’s potential, - in the opposite direction), and the 
terminal voltage sign and magnitude depend on whether the loop is traversed with or against the 
current. 


10. When resistors are connected in series, the equivalent resistance is the sum of the individual 
resistances, R eq> ser ies = R\ + Ri + •••• The current has to go through each additional resistance if the 
resistors are in series and therefore the equivalent resistance is greater than any individual resistance. 
In contrast, when capacitors are in parallel the equivalent capacitance is equal to the sum of the 
individual capacitors, C eq , P araiiei = Ci + C 2 + .... Charge drawn from the battery can go down any one 
of the different branches and land on any one of the capacitors, so the overall capacitance is greater 
than that of each individual capacitor. 

When resistors are connected in parallel, the current from the battery or other source divides into the 
different branches and so the equivalent resistance is less than any individual resistor in the circuit. 
The corresponding expression is 7/i? eq , parallel = 1/R\ + //AS + •••• The formula for the equivalent 
capacitance of capacitors in series follows this same form, 7/C eq , S e nes = 1/C\ + I/C 2 + .... When 
capacitors are in series, the overall capacitance is less than the capacitance of any individual 
capacitor. Charge leaving the first capacitor lands on the second rather than going straight to the 
battery. 

Compare the expressions defining resistance (R = V/I) and capacitance (C = Q/V). Resistance is 
proportional to voltage, whereas capacitance is inversely proportional to voltage. 

11. When batteries are connected in series, their emfs add together, producing a larger potential. The 
batteries do not need to be identical in this case. When batteries are connected in parallel, the 
currents they can generate add together, producing a larger current over a longer time period. 
Batteries in this case need to be nearly identical, or the battery with the larger emf will end up 
charging the battery with the smaller emf. 


12. Yes. When a battery is being charged, current is forced through it “backwards” and then P/emmai = 
emf + Ir, so ^terminal > emf. 


13. 


Put the battery in a circuit in series with a very large resistor and measure the terminal voltage. With 
a large resistance, the current in the circuit will be small, and the potential across the battery will be 
mainly due to the emf. Next put the battery in parallel with the large resistor (or in series with a 
small resistor) and measure the terminal voltage and the current in the circuit. Y ou will have enough 
information to use the equation Fierminai = emf — 7r to determine the internal resistance r. 


14. No. As current passes through the resistor in the RC circuit, energy is dissipated in the resistor. 
Therefore, the total energy supplied by the battery during the charging is the combination of the 
energy dissipated in the resistor and the energy stored in the capacitor. 


15. (a) Stays the same; ( b ) Increases; (c) Decreases; (d) Increases; (e) Increases; 

(f) Decreases; (g) Decreases; (h) Increases; (?) Remains the same. 


16. The capacitance of a parallel plate capacitor is inversely proportional to the distance between the 
plates: (C = soA/d). As the diaphragm moves in and out, the distance between the plates changes 

and therefore the capacitance changes with the same frequency. This changes the amount of charge 
that can be stored on the capacitor, creating a current as the capacitor charges or discharges. The 
current oscillates with the same frequency as the diaphragm, which is the same frequency as the 
incident sound wave, and produces an oscillating ^output- 
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17. See the adjacent figure. If both switches are connected to the 
same wire, the circuit is complete and the light is on. If they are 
connected to opposite wires, the light will remain off. 



18. In an analog ammeter, the internal resistor, or shunt resistor, has a small value and is in parallel with 
the galvanometer, so that the overall resistance of the ammeter is very small. In an analog voltmeter, 
the internal resistor has a large value and is in series with the galvanometer, and the overall 
resistance of the voltmeter is very large. 


19. 


If you use an ammeter where you need to use a voltmeter, you will short the branch of the circuit. 
Too much current will pass through the ammeter and you will either blow the fuse on the ammeter 
or bum out its coil. 


20. An ammeter is placed in series with a given circuit element in order to measure the current through 
that element. If the ammeter did not have very low (ideally, zero) resistance, its presence in the 
circuit would change the current it is attempting to measure by adding more resistance in series. An 
ideal ammeter has zero resistance and thus does not change the current it is measuring. 

A voltmeter is placed in parallel with a circuit element in order to measure the voltage difference 
across that element. If the voltmeter does not have a very high resistance, than its presence in 
parallel will lower the overall resistance and affect the circuit. An ideal voltmeter has infinite 
resistance so that when placed in parallel with circuit elements it will not change the value of the 
voltage it is reading. 

21. When a voltmeter is connected across a resistor, the voltmeter is in parallel with the resistor. Even if 
the resistance of the voltmeter is large, the parallel combination of the resistor and the voltmeter will 
be slightly smaller than the resistor alone. If R eq decreases, then the overall current will increase, so 
that the potential drop across the rest of the circuit will increase. Thus the potential drop across the 
parallel combination will be less than the original voltage drop across the resistor. 

22. A voltmeter has a very high resistance. When it is connected to the battery very little current will 
flow. A small current results in a small voltage drop due to the internal resistance of the battery, and 
the emf and terminal voltage (measured by the voltmeter) will be very close to the same value. 
However, when the battery is connected to the lower-resistance flashlight bulb, the current will be 
higher and the voltage drop due to the internal resistance of the battery will also be higher. As a 
battery is used, its internal resistance increases. Therefore, the terminal voltage will be significantly 
lower than the emf: F te rmmai = emf - Ir. A lower terminal voltage will result in a dimmer bulb, and 
usually indicates a “used-up” battery. 

23. (a) With the batteries in series, a greater voltage is delivered to the lamp, and the lamp will bum 

brighter. 

( b ) With the batteries in parallel, the voltage across the lamp is the same as for either battery alone. 
Each battery supplies only half of the current going through the lamp, so the batteries will last 
twice as long. 
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Solutions to Problems 

[l] See Figure 26-2 for a circuit diagram for this problem. Using the same analysis as in Example 26-1, 

Use Eq. 26-1 to calculate the terminal voltage. 

81.00 


the current in the circuit is / = 


(a) V. = % — Ir — % — 


R + r 


R + r 

^ %{R + r)-%r cc R , . 

r = — % = (6.00 V) 


R + r 


R + r 


(81.0 + 0.900)0 


5.93 V 


(b) ^=<8— = (6.00 V)- 8100 

R + r v '(810 + 0.900)0 


5.99V 


2. See the circuit diagram below. The current in the circuit is I. The voltage V ab is given by Ohm’s law 
to be F b = IR . That same voltage is the terminal voltage of the series EMF. 


-j-vvv| 


t-wvj 

! r 


4--WVj 

! r 


i-wvl 
! r 


R 

-vw 


V ab =(%- Ir) + (%-Ir) + (%- Ir ) + (%- Ir) = 4(%- Ir) and F b = IR 


4{%-Ir) = IR 


-+ r ■ 


%-\IR (l.5V)-{(0.45A)(l2O) 


0.45A 


0.3330 


0.30 


We take the low-resistance ammeter to have no resistance. The 
circuit is shown. The terminal voltage will be 0 volts. 

% 1.5V 


r* = s- 


lr = 0 


-> r — — 
I 


25 A 


0.0600 


aaaH 

r 


<z> 


4. See Figure 26-2 for a circuit diagram for this problem. Use Eq. 26-1. 

12.0V-8.4V 


V a> =% -Ir -+ r = — — — 


K b = IR -> R = 


V,u 


I 

8.4V 
95 A 


95 A 


0.0380 


0.0880 


5. The equivalent resistance is the sum of the two resistances: 
R =R ] +R 1 . The current in the circuit is then the voltage 


divided by the equivalent resistance: / = — = 


The 


R R] + R-i 

eq 1 2 


voltage across the 2200-0 resistor is given by Ohm’s law. 


v = IR = 

' 2200 -" l 2 


R, +R, 


cc R, , x 22000 

« i =Ur-V=( 12 - 0V )- 


R^ + R-, 


6500 + 22000 


AW 

R, 


9.3V 


I 

AA/V 

R, 
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6. ( a ) For the resistors in series, use Eq. 26-3, which says the resistances add linearly. 

R q =3(45fi) + 3(65Q) = |330Q 


( b ) For the resistors in parallel, use Eq. 26-4, which says the resistances add reciprocally. 

11 1 1 1 1 1 _ 3 3 _ 3(65Q) + 3(45Q) 


R 45 Q 45 Q 45Q 

eq 

R (6^)(45Q) 
eq 3(65Q) + 3(45Q) 


65 Q 65Q 65 Q 45Q 65Q (65Q)(45Q) 


8.9Q 


|7] (a) The maximum resistance is made by combining the resistors in series. 


R = R +R, +R = 680fi + 7200 + 12000 = 

eq 1 z 3 


2.60 kO 


(b) The minimum resistance is made by combining the resistors in parallel. 


1 1 
— + — 

R R R R 


1 _ 1 


R = 

eq 


1 1 1 
— + — + — 




R R 


3 2 


1 


1 


1 


- + - 


- + - 


680 O 720 Q 12000 


270 O 


The equivalent resistance of five 100-0 resistors in parallel is found, and then that resistance is 
divided by 100 to find the number of 10-0 resistors needed. 


R = 

eq 


f i i i i 0 

-1 

r 5 ^ 

1 1 1 1 

v ^1 R2 R3 R4 R5 J 


^100Q y 


= 200 = »(l00) — > n = 


200 

100 


■I 


Connecting nine of the resistors in series will enable you to make 
a voltage divider with a 4.0 V output. To get the desired output, 
measure the voltage across four consecutive series resistors. 

, % % 

R =9(1.00) 1 = — = 

eq V ; R 9.0 O 





4.0V 


10. The resistors can all be connected in series. 
R eq = R + R + R = 3(1.70 kO) = 


5.10kO 


The resistors can all be connected in parallel. 

r -x V 1 


1111 
— = — + — + — -» R 
R R R R 


\Rj 


R 

3 


1.70kO 


567 O 


Two resistors in series can be placed in parallel with the third 
11 1 113 

^ ”eq 


_ 27? _ 2(l.70kO) 


R R R + R R 2R 2R 


3 


3 


1.13kO 


Two resistors in parallel can be placed in series with the third. 

r i i v 1 


R =R- 

eq 


1 

\R 


1 

Rj 


R 3 

= /? + — = — (l.70kO) = 


2.55kO 
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1 1 . The resistance of each bulb can be found from its power rating. 

" 2 T " 2 ( 12.0 V ) 2 


„ r „ r 

P = -> R = : 

R P 


4.0 W 


36Q 


Find the equivalent resistance of the two bulbs in parallel. 

1112 R 36Q 

— =—+—=— -> R = — = = 180 


R 


R R R 


The terminal voltage is the voltage across this equivalent resistance. 
Use that to find the current drawn from the battery. 


V, - IR 

ab eq 


-> 7 = 


V* 

R 


K„ 2 U 


R 2 R 



Finally, use the terminal voltage and the current to find the internal resistance, as in Eq. 26-1. 


< 3 ? _ y 

V=%-Ir r — — — — 


£-V h 12.0V -11.8V _ ^ 

ab =R SL = (360) 7 — = 0.3050 : 


2V, 




R J 


2U 


2(l 1.8 V) 


0.30 


12. (a) Each bulb should get one-eighth of the total voltage, but let us prove that instead of assuming it. 
Since the bulbs are identical, the net resistance is R = 87? . The current flowing through the 

V V 

bulbs is then V , - IR — > I - — — = — 21 . The voltage across one bulb is found from Ohm’s 

eq R 87? 

eq 

law. 

V, V, 110V 

V — IR — — — 7? = — — = = 13.75 V » 

87? 8 8 

V V 110 V 

( b ) I - — 521 -> 7? = — ^ = = 32.74 0 i 

87? 8/ 8 (0.42 A) 


14V 


330 


P = 7 2 7? = (0.42 A) 2 (32.740) = 5.775 W = 


5.8 W 


13. We model the resistance of the long leads as a single resistor r. Since the bulbs are in parallel, the 
total current is the sum of the current in each bulb, and so I - 8 I R . The voltage drop across the long 
leads is FJ eads = Ir = 8 I R r = 8(0.24 A)(l.40) = 2.688 V . Thus the voltage across each of the parallel 
resistors is V R = V m - V tc , A = 110V-2.688V = 107.3V. Since we have the current through each 
resistor, and the voltage across each resistor, we calculate the resistance using Ohm’s law. 

V 107 3 V 

V„ = /„/? -> R- — - = 447.10 = 


L 


0.24 A 


4500 


The total power delivered is P - V lol I , and the “wasted” power is I~r . The fraction wasted is the 
ratio of those powers. 

I 2 r 7r 8(0.24 A) (1.40) 

K. 


fraction wasted = = — = 


0.024 


IV V , 110V 

tot tot 

So about 2.5% of the power is wasted. 

14. The power delivered to the starter is equal to the square of the current in the circuit multiplied by the 
resistance of the starter. Since the resistors in each circuit are in series we calculate the currents as 
the battery emf divided by the sum of the resistances. 
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p _ i 2 R s 
P 0 ilR s 


fr 

2 

f % /K 1 

i 

rN 


2 / 

\^0 J 


wJ 


V ^“1 j 

V 


r + IL 


r + If + If j 


0.02Q + 0.15Q 
0.02Q + 0.15Q + 0.10Q 


0.40 


15. To fix this circuit, connect another resistor in parallel with the 480-Q resistor so that the equivalent 
resistance is the desired 370 Q. 


1 _ 1 1 

R ~ R, R, 


( 


R 2 = 


1 


\ R 

V eq 


f 


i J 


1 


1 


5 


v 370fi 480 Q j 


= 16150 = 


16000 


So solder a 1600-0 resistor in parallel with the 480-0 resistor. 


16. (a) The equivalent resistance is found by combining the 820 O and 680 O resistors in parallel, and 
then adding the 960 O resistor in series with that parallel combination. 

r . i v 1 

+ 960 0 = 372 0 + 960 0 = 1332 0 = 


R = 

eq 


1 1 
+ 


820 0 6800 


13300 


V 12.0V , 

( b ) The current delivered by the battery is / = = = 9.009 x 10 A . This is the 

R 13320 

eq 

current in the 960 O resistor. The voltage across that resistor can be found by Ohm’s law. 
V 470 = IR = (9.009 x 10~ 3 a)(960 0) = 8.649 V = 


,6V 


Thus the voltage across the parallel combination must be 12.0 V - 8.6 V = 


3.4V 


This is the 


voltage across both the 820 O and 680 O resistors, since parallel resistors have the same voltage 
across them. Note that this voltage value could also be found as follows. 


V 


parallel 


= 77? parallel = (9.009 x 10~ 3 a)(372Q) = 3.351V * 3.4V 


17. The resistance of each bulb can be found by using Eq. 25-7b, P = V 2 / R . The two individual 
resistances are combined in parallel. We label the bulbs by their wattage. 

p = v 2 /r -> - = 4 


R 


R = 

eq 


f i n 

-1 

1 

= 

V P75 P40 J 



75 W 


- + - 


25 W 


(110V) (llOVf 


= 1210 = 


1200 


18. (a) The three resistors on the far right are in series, so their equivalent 
resistance is 3 R. That combination is in parallel with the next 
resistor to the left, as shown in the dashed box in the second figure. 
The equivalent resistance of the dashed box is found as follows. 

( 1 1 v 1 

R 


eql 


1 

— + — 
\R 3 Rj 


= \R 


This equivalent resistance of is in series with the next two 
resistors, as shown in the dashed box in the third figure (on the next 
page). The equivalent resistance of that dashed box is R eq2 =2R + j R - ■ 



-R. 


This yR is in 
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(b) 


parallel with the next resistor to the left, as shown in the fourth 
figure. The equivalent resistance of that dashed box is found as 
follows. 


R 


eq2 


%*■ 


(~ — T 

k R 11 Ry 

This is in series with the last two resistors, the ones connected 
directly to A and B. The final equivalent resistance is given below. 

7? cq = 2R + %R = §R = §(1250) = 341.670 * 


342 Q 


The current flowing from the battery is found from Ohm’s law. 
V 50.0V 


^total 


R 341.670 


■ = 0.1463A ! 


0.146A 



(d) 


This is the current in the top and bottom resistors. There will be less current in the next resistor 
because the current splits, with some current passing through the resistor in question, and the 
rest of the current passing through the equivalent resistance of {{-7? , as shown in the last figure. 


The voltage across R and across ^ R must be the same, since they are in parallel. Use this to 
find the desired current. 

A)( T*) -> 


V =V 

R il R 


I - — I 

R 15 total 


= §(0.1463 A)/ total = 10.107 A 


19. The resistors have been numbered in the accompanying diagram to help in 
the analysis. R { and R, are in series with an equivalent resistance of 
R n - R + R-1R . This combination is in parallel with R, , with an 


equivalent resistance of /{ , , = 


1 

R 


jA 

2 Ry 


= tR- This combination is in 


series with R 4 , with an equivalent resistance of /{, i4 =jR + R = ^R. This 
combination is in parallel with R 5 , with an equivalent resistance of 


r> _ 

/V 12345 


1 




= f R. Finally, this combination is in series with R b 


3 

\R 5 Rj 

and we calculate the final equivalent resistance. 


R =1^ + 7? = 

eq 8 


^R 





20. We reduce the circuit to a single loop by combining series 
and parallel combinations. We label a combined 
resistance with the subscripts of the resistors used in the 
combination. See the successive diagrams. 

R t and R, are in series. 

= R^ + R b = R + R — 2 R 
R n and R . are in parallel. 


r i 

n 

-l 

r i 

n 

— +— 


— +- 


R 3 j 


v 2R 

RJ 
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R IV and If are in series. 

^1234 = ^123 + ^4 = f R + R = f R 

R nu and R, are in parallel. 


D _ 

■^12345 


1 1 


V ^1 234 ^5 J 


1 1 
vf R + 


V 1 


= f* 


R ll345 and R 6 are in series, producing the equivalent 
resistance. 

7? — 7? m , . + R , — f R + R — fr R 

eq 12345 68 8 




C 


R,. 



Now work “backwards” from the simplified circuit. 

Resistors in series have the same current as their 
equivalent resistance, and resistors in parallel have the 
same voltage as their equivalent resistance. To avoid rounding errors, we do not use numeric values 
until the end of the problem. 

% % 


/eq R f R 

eq 8 


13 R 


= L 


= /,. 


f A 


V = V -V =1 R 

r 5 r 1234 r 12345 1 12345 iv 12345 


V , K +% 

5 % 

f R)=-h% ; h=Er = ^ = 

— = h 

j \ o / u jR_ R 

137? 


V A< 

T _ 123 4 _ 13 

-* 1 Ol/I 


D _5 D 

- A 1234 3 iV 


13 R 


= I. 


J3 R 

~ M 23 > 1 23 — ^ 123^123 — 


f 

vl3 Rj 




7=21 = 

3 R, 


2% 

— J 

V -2 - % 

• T — 12 — 13 _ 

% 

3 

137? 

i 

CN 

1 

of 

1 

137? 


=/,=/ 2 


Now substitute in numeric values. 

% 12.0V 

\ 2 


1 3 R 13(1.20 kO) 


0.77 mA 

2% 

; L = = 

1.54 mA 

2% 

•> J- A 

2.31mA 


137? 


137? 





5 % 
13 R 


3.85mA 


; h = - 


13 R 


6.15 mA 


■ V - V = —% = 

’ y AB " 3 13 ® 


1.85V 


21. The resistors r and R are in series, so the equivalent resistance of the circuit is R + r and the current 


in the resistors is / = 


R + r 


The power delivered to load resistor is found from Eq. 25-7a. To find 

dP 


the value of R that maximizes this delivered power, set — = 0 and solve for R. 

dR 


P — I'R — 


R + r 


' % 2 R 

R = 


. dP = cg 2 

(R + rf ’ dR 


(R + r) 2 -R (2 ) (R + r) 

. M 5 . 


= 0 -> 


(R + r) -R(2)(R + r) = 0 -+ R 2 + 2Rr + r 2 - 2R 2 - 2Rr = 0 -» R = , 


22. It is given that the power used when the resistors are in series is one-fourth the power used when the 
resistors are in parallel. The voltage is the same in both cases. Use Eq. 25-7b, along with the 
definitions of series and parallel equivalent resistance. 
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P = -P -» 

series 4 parallel 


V 


R 


V 


R 


— ^ R — 47? n , — ^ f 7?, + 7? ? 1 — 4 

senes parallel \ 1 l / 




parallel 


(4+4) 


-» 


(R t + R 2 f = 4R t R 2 -> R* +2R l R 2 +R 2 2 -4R 1 R 2 =0 = (R 1 -R 2 ) 2 -> i?, = i? 2 
Thus the two resistors must be the same, and so the “other” resistor is 3.8 kQ 


23. We label identical resistors from left to right as R m , R n]lMk , and R tight . When the switch is opened, 
the equivalent resistance of the circuit increases from | R + r to 2 R + r . Thus the current delivered 

■ . Note that this is LESS than a 50% decrease. 


by the battery decreases, from to — 

f R+r 2 R+r 

(a) Because the current from the battery has decreased, the voltage drop across R kft will decrease, 
since it will have less current than before. The voltage drop across i? right decreases to 0, since no 
current is flowing in it. The voltage drop across /? middle will increase, because even though the 
total current has decreased, the current flowing through ^ middlc has increased since before the 
switch was opened, only half the total current was flowing through i? middlc . 


L| eft decreases ; L mddlc increases ; V nght goes to 0 


( b ) By Ohm’s law, the current is proportional to the voltage for a fixed resistance. 


decreases ; / middle increases ; / righl goes to 0 


(c) Since th e current from the battery h as decreased, the voltage drop across r will decrease, and 


thus the germinal voltage increases) 


(d) With the switch closed, the equivalent resistance is ^R + r . Thus the current in the circuit is 


\R + r 


and the terminal voltage is given by Eq. 26- 1 . 


terminal ^ ^closed ^ ^ 3 „ ‘ 

closed Y -/v T 


= % 




= (9.0 v) 


1 -- 


0.500 


1(5.500) + 0.500 


= 8.486 V: 


1.5 V 


( e ) With the switch open, the equivalent resistance is 2 R + r . Thus the current in the circuit is 


closed 


2 R + r 


, and again the terminal voltage is given by Eq. 26- 1 . 


V =%-l r=%- 

terminal 1 closed ' 


2 R + r 


• = % 


1 -- 


2 R + r 


= (9.0 V) 


1- 


0.500 


2(5.500) + 0.500 


= 8.609 V; 


8.6V 


24. Find the maximum current and resulting voltage for each resistor under the power restriction. 

2 V 2 [P I 

P — PR — — — » I = .1— ,V = y]RP 

R V R 


A 800 


0.5 W 
1.8 x 10 3 O 


= 0.0167 A ^ g00 =^(0.5 W)(l.8xl0 3 O) = 30.0 V 
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-^2800 


-^3700 


0.5 W 
2.8 x 10 3 O 
I 0.5 W 


= 0.0134 A 


V 2mo = ^(0.5W)(2.8x10 3 Q) = 37.4 V 


= 0.0116A 


v = 

’ 3700 


/(0.5 W)(3.7 x 10 3 O) = 43.0 V 
3.7xl0 J O -’ ,w ^ V 7 

The parallel resistors have to have the same voltage, and so the voltage across that combination is 
limited to 37.4 V. That would require a current given by Ohm’s law and the parallel combination of 
the two resistors. 


V 


f 


parallel 


parallel 


R 


= K 


parallel 


parallel 


1 1 
+ - 


D 

'v 2800 


R. 


\ ( 

= (37.4 V) 


1100 J 


1 


- + - 


1 


28000 37000 


= 0.0235 A 


This is more than the maximum current that can be in R mo . Thus the maximum current that R mo 
can carry, 0.0167 A , is the maximum current for the circuit. The maximum voltage that can be 
applied across the combination is the maximum current times the equivalent resistance. The 
equivalent resistance is the parallel combination of R 2M0 and R m() added to R mo . 


V =1 R =7 

max max eq m 


^1800 


1 1 

- + - 


D 

V ^2800 


R 


3700 J 


= (0.0167 A) 


18000 + 


1 


1 


- + - 

28000 37000 


= 56.68V i 


57V 


25 


(a) 


(b) 

(c) 

id) 


Note that adding resistors in series always results in a larger resistance, and adding resistors in 
parallel always results in a smaller resistance. Closing the switch adds another resistor in 
parallel with R 3 and If , which lowers the net resistance of the parallel portion of the circuit, 
and thus lowers the equivalent resistance of the circuit. That means that more current will be 
delivered by the battery. Since R t is in series with the battery, its voltage will increase. 

Because of that increase, the voltage across R } and If must decrease so that the total voltage 
drops around the loop are equal to the battery voltage. Since there was no voltage across R 2 
until the switch was closed, its voltage will increase. To summarize: 

If and If increase ; If and If decrease 

By Ohm’s law, the current is proportional to the voltage for a fixed resistance. Thus 
f and I 2 increase ; /, and I 4 decrease 


Since the battery voltage does not change and the current delivered by the battery increases, the 
power delivered by the battery, found by multiplying the voltage of the battery by the current 

delivered, 


increases 


Before the switch is closed, the equivalent resistance is R, and If in parallel, combined with 
R, in series. 


R =7?,+ 

eq 1 


V R 3 R A J 


= 1250 + 


f 2 V ‘ 


1250 


= 187.50 


The current delivered by the battery is the same as the current through If . 


I 


total 


battery 

R 


eq 


22.0 V 
187.50 


= 0.1 173 A = f 
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The voltage across R t is found by Ohm’s law. 

V, =IR, =(0.1173A)(125Q)=14.66V 

The voltage across the parallel resistors is the battery voltage less the voltage across /?, . 

V =V h „ -V. = 22.0V-14.66V = 7.34 V 

p battery 1 

The current through each of the parallel resistors is found from Ohm’s law. 

V 7 34 V 

7 = — = = 0.0587 A = I 

R 2 1250 

Notice that the current through each of the parallel resistors is half of the total current, within 
the limits of significant figures. The currents before closing the switch are as follows. 

7, =0.117 A I 3 =I 4 — 0.059 A 

After the switch is closed, the equivalent resistance is R 2 ,R } , and R 4 in parallel, combined with 
R t in series. Do a similar analysis. 


f 


R =R + 

eq 1 

K 


^total 


V 

battery 

R 


r 2 r, R 4 J 


= 1250 + 


f 3 V 


1250 


= 166.70 


22.0V 

166.70 


= 0.1320 A = /, V t =IR,=( 0.1320 A)(125 0) = 16.5 V 


V 5 5V 

V =V hn -V, =22.0V-16.5V = 5.5V 7, =-*- = — = 0.044A = /=/ 4 

p battery 1 2 R 2 1250 3 4 

Notice that the current through each of the parallel resistors is one third of the total current, 
within the limits of significant figures. The currents after closing the switch are as follows. 


7, = 0.132 A I 2 =7 3 =/ 4 =0.044 A 


Yes , the predictions made in part ( b ) are all confirmed. 


dP 

26. The goal is to determine r so that — - 

dR 

dP D 


= 0. This ensures that R produce very little change in P , 


since A P R « — -A R. The power delivered to the heater can be found by P hc , acr - V^, mr / R , and so we 
dR 

need to determine the voltage across the heater. We do this by calculating the current drawn from 
the voltage source, and then subtracting the voltage drop across r from the source voltage. 


Rr 2 Rr + r 2 r(2R + r ) 
R =r + = = -i 

eq R + r 


^heater AotaT 


R+r R+ r 
%(R + r) 


’ ^ total 


R 


% _ %(R + r) 

r(2R + r) r(2R + r) 
R + r 


= %- 


%{R + r) 


%R 


dP t L 


dR 


= % 2 


R=R„ 


(2 R + r) (2 R + r) (2 R + r) 

(2R u +r) 2 -R 0 {2)(2R v + r)(2) 

(2 


’ ^heater 


Vi 


% 2 r 


R (2 R + r) 

= 0 ^ {2R 0 + r) 2 - R 0 (2) (2R 0 + r) (2) = 0 ^ 


4/2; + 4 R 0 r + r - 8 R 2 - 4 R 0 r = 0 -> r 2 = 4 R 2 -> 


r = 2 R 
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27. 


All of the resistors are in series, so the equivalent resistance is just the sum of the resistors. Use 
Ohm’s law then to find the current, and show all voltage changes starting at the negative pole of the 
battery and going counterclockwise. 


£ 9.0V 

R q ~ (9.5 + 12.0 + 2.0)0 


0.383A 


0.38A 


^voltages = 9.0 V -(9.50) (0.383 A) -(12.00) (0.383 A) -(2.00) (0.383 A) 


= 9.0 V - 3.638 V - 4.596 Y - 0.766 V = 


0.00 V 


28. 


Apply Kirchhoff s loop rule to the circuit starting at the upper left comer of the circuit diagram, in 
order to calculate the current. Assume that the current is flowing clockwise. 


-/(2.0O) + 18 V -7(6.6 O) - 12 V-/(l.OO) = 0 -> 7 


6 V 
9.6 0 


0.625A 


The terminal voltage for each battery is found by summing the potential differences across the 
internal resistance and EMF from left to right. Note that for the 12 V battery, there is a voltage gain 
going across the internal resistance from left to right. 


18 V battery: V termm!il = -7(2.00) + 18 V = -(0.625 A)(2.0O) + 18' V = 16.75V s 


17V 


12 V battery: V . 

J terminal 


7(1.00) + 12 V = (0.625 A) (1.00) + 12 V = 12.625 V > 


13V 


29. To find the potential difference between points a and b, the current must be found from Kirchhoff s 
loop law. Start at point a and go counterclockwise around the entire circuit, taking the current to be 
counterclockwise. 


-IR + % - IR - IR + % - IR = 0 


-> 7 = — 
2R 


V=V -V=-IR + %-IR = %-2IR = %-2 — R = 
b 2R 


OV 


30. (a) We label each of the currents as shown in the accompanying 
figure. Using Kirchhoff s junction rule and the first three 
junctions (a-c) we write equations relating the entering and 
exiting currents. 

7 = 7i+7 2 [1] 

7 2 = 7 3 + 7 4 [2] 

f+f = A P] 

We use Kirchhoff s loop rule to write equations for loops 
abca, abcda, and bdcb. 

0 = -I 2 R - I 4 R + fR [4] 

0 = -I 2 R - I 3 R + % [5] 

0 = -fR + I 5 R + fR [6] 



We have six unknown currents and six equations. We solve these equations by substitution. 
First, insert Eq. [3] into [6] to eliminate current 7 5 . Next insert Eq. [2] into Eqs. [1], [4], and [5] 
to eliminate 7 2 . 
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0 = -LR + (/, + I,)R + I,R -> 0 = -1 3 R + I t R + 21, R 


/ = / 1 +/ 3 +/ 4 


[6*] 

[ 1 *] 

[4*] 

[5*] 


0 = - (/ 3 + 1 , ) R - I,R + 7,7? -> 0 = -I 3 R - 2/ 4 R + 7,7? 

0 = -(/ 3 + 7 4 )7? -I 3 R + «->() = -I 4 R - 2 1 3 R + % 

Next we solve Eq. [4*] for / 4 and insert the result into Eqs. [1*], [5*], and [6*]. 

0 = -7 3 7? - 27 4 7? + 7,7? — » 7 4 = \I X ~jl 3 

/ = 7 1 +7 3 +i/ i -H^/ = |/ 1 +H [1**] 

0 = -7 3 7? + 7,7? + 2(}7, -}7 3 )7? = -27 3 7? + 27,7?->7,=7 3 [6**] 

0 = -(j7, -y7 3 )7? -2I 3 R + ^ — » 0 = -jI x R-jI 3 R + % [5**] 

Finally we substitute Eq. [6**] into Eq [5**] and solve for7i. We insert this result into Eq. 
[1**] to write an equation for the current through the battery in terms of the battery emf and 
resistance. 


Q--\l x R~^l { R + %^ I { -— \ I -\I X +\I X - 27, — » 


7= — 
R 


(/;) We divide the battery emf by the current to determine the effective resistance. 


eq I %/R 


= R 


|31.| This circuit is identical to Example 26-9 and Figure 26-13 except for the numeric values. So we may 
copy the same equations as developed in that Example, but using the current values. 

Eq. (a): I 3 = 7, + 1 2 ; Eq. ( b ): -347, + 45 - 487 3 = 0 

75 + 347, 

Eq. (c): -347, +197 2 -75 = 0 Eq .(d): I 2 = L = 3.95 + 1.797, 


19 


Eq. (e): I 3 


45-347 


48 


L = 0.938 -0.7087, 


7 3 = 7, + 7 2 -> 0.938-0.7087, =7, +3.95 + 1.797, -> 7, = -0.861 A 
7 2 = 3.95 + 1.797, =2.41 A ; 7 3 = 0.938 - 0.7087, = 1.55 A 

(a) To find the potential difference between points a and d, start at point a and add each individual 
potential difference until reaching point d. The simplest way to do this is along the top branch. 

Kt =K-K =-/, (3 4 fi) = -(-0.861 A )(34Q) = 29.27 V»|29V 


Slight differences will be obtained in the final answer depending on the branch used, due to 
rounding. For example, using the bottom branch, we get the following. 

V ai = V i -V a =%-I 2 (l9n) = 75V-(2AlA)(l9n) = 29.2lV*29V 

( b ) For the 75-V battery, the terminal voltage is the potential difference from point g to point e. For 
the 45-V battery, the terminal voltage is the potential difference from point d to point b. 

75 V battery: =% -I 2 r = 75V-(2.41A)(1.0Q) = 1 


73 V 


45 V battery: V tenamI =%-I 3 r = 45 V - (1.55 A) (1.00) = 


43 V 
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32. There are three currents involved, and so there must be three 
independent equations to determine those three currents. One 
comes from Kirchhoff s junction rule applied to the junction of 
the three branches at the top center of the circuit. 

— 1 2 + I 3 

Another equation comes from Kirchhoff s loop rule applied to 
the left loop, starting at the negative terminal of the battery and 
progressing counterclockwise. 

58V-/ 1 (l20n)-/ 1 (82Q)-/ 2 (64fi) = 0 58 = 2027, + 64/ 2 

The final equation comes from Kirchhoff s loop rule applied to the right loop, starting at the negative 
terminal of the battery and progressing counterclockwise. 

3.0 V - 7 3 (25 £2) + 1 2 (64 f2) - 7 3 (l lOQ) = 0 -> 3 = -647, + 135/ 3 

Substitute 7, = 7, + 1 3 into the left loop equation, so that there are two equations with two unknowns. 
58 = 202 (I 2 +I 3 ) + 64 1 2 = 2667, + 202 1 3 



Solve the right loop equation for I 2 and substitute into the left loop equation, resulting in an 
equation with only one unknown, which can be solved. 


3 = -647, + 1357 3 


r 1357 - 3 

-> 7 = 1 

64 


58 = 2667, + 202 7 3 = 266 


13 57 3 - 3 
64 


+ 2027, 


7 = 0.09235 A ; 7, = 135/3 3 = 0.1479 A ; 7 = 7, +7 3 = 0.24025A 

64 

The current in each resistor is as follows: 

120Q: 0.24 A 82 Q: 0.24 A 64Q:0.15A 250: 0.092 A 110Q:0.092A 


33. Because there are no resistors in the bottom branch, it is possible to write Kirchhoff loop equations 
that only have one current term, making them easier to solve. To find the current through R t , go 
around the outer loop counterclockwise, starting at the lower left comer. 

V, + V. 6.0 V + 9.0 V 


V 3 -I l R l + V l =0 


A = 


0.68 A, left 


R t 22 Q 

To find the current through R 2 , go around the lower loop counterclockwise, starting at the lower left 
comer. 


v 3 -ia=o 


V 3 6.0 V 
2 ~ R~ 18Q 


0.33 A, left 


34. (a) There are three currents involved, and so there must be three 

independent equations to determine those three currents. One comes 
from Kirchhoff s junction mle applied to the junction of the three 
branches on the right of the circuit. 

7, =7,+7 3 -> 7,=7 2 -7 3 

Another equation comes from Kirchhoff s loop mle applied to the top 
loop, starting at the negative terminal of the battery and progressing 
clockwise. 

% - 1 A - I 2 R 2 = 0 — » 9 = 257, + 487, 

The final equation comes from Kirchhoff s loop rule applied to the 
bottom loop, starting at the negative terminal of the battery and 
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progressing counterclockwise. 

% 2 - I 3 R 3 - I 2 R 2 = 0 -> 12 = 35/ 3 + 48 1 2 

Substitute /, - 1 2 -7, into the top loop equation, so that there are two equations with two 
unknowns. 

9 = 257, + 48 / 2 = 25(7, -7 3 ) + 487, = 737 2 - 257 3 ; 12 = 357, + 487 2 
Solve the bottom loop equation for 7, and substitute into the top loop equation, resulting in an 
equation with only one unknown, which can be solved. 


12 = 357, +487, 


9 = 737, -257, = 73 


12-357, 

* 


48 


12-357, 


V 


48 


■257, 


432 = 876-25557,-12007, 


444 

7 = = 0.1 182 A * 

3755 

7, =7, - 7 = 0.0456 A 


0.12 A , up 


12-357 

7, = 1 = 0.1638 A = 

48 


0.16 A, left 


0.046 A , right 


( b ) We can include the internal resistances simply by adding 1.0 £2 to R x and R y So let R x =260. 
and let R = 36 O. Now re-work the problem exactly as in part (a). 


7 , - 7 , + 7 , -» 7 , — 7 2 — 7 , 

'g, -/,/?, -7,7?, =0 -» 9 = 267 , + 487 2 
‘g, - I 3 R 3 - I 2 R 2 =0 -> 12 = 367 , + 487 2 


9 = 267, + 487, = 26(7, - 7,) + 487, = 747, - 267, ; 12 = 367, + 487, 

12-367, 1-37, 


12 = 367, +487 2 -> I 2 = 


48 


9 = 747, -267, =74 


1-37, 


■267, 


36 = 74-2227,-1047, 


38 

7, = = 0.1 166A ! 

326 


0.12 A , up 


; h=- 


1-37, 


= 0.1626A ! 


0.1 6 A, left 


7,=7 2 -7,= 


0.046 A , right 


The currents are unchanged to 2 significant figures by the inclusion of the internal resistances. 


35. We are to find the ratio of the power used when the resistors are in series, to the power used when 
the resistors are in parallel. The voltage is the same in both cases. Use Eq. 25-7b, along with the 
definitions of series and parallel equivalent resistance. 


R — R. + 7?, + ■ • • R — nR \ R — 

series 12 n 7 parallel 

R 


f 1 

1 

1 ) 

-1 


— 

+ — + ■■ 

■ 



u 

r 2 

K) 


Uv 


R 

n 


P . V 2 R . 

series / series 


parallel 


■^parallel ^ j ^ parallel ^st 


R/n 

nR 


1 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

171 












Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


36. (a) Since there are three currents to determine, there must be three independent equations to 
determine those three currents. One comes from Kirchhoff s junction rule applied to the 
junction near the negative terminal of the middle battery. 
f — 1 2 + 7 3 

Another equation comes from Kirchhoff s loop rule applied to the top loop, starting at the 
negative terminal of the middle battery, and progressing counterclockwise. We add series 
resistances. 

12.0' V - 1 2 (12 fi) + 12.0' V-/,(35Q) = 0 -> 24 = 357, + 127, 

The final equation comes from Kirchhoff s loop rule applied to the bottom loop, starting at the 
negative terminal of the middle battery, and progressing clockwise. 

12.0V-7 2 (12Q)-6.0V + 7 3 (34Q)=0 -> 6 = 127, -347 3 

Substitute 7, = I 2 + 7 3 into the top loop equation, so that there are two equations with two 
unknowns. 

24 = 357, + 127, = 35(7, + 7 3 ) + 127, = 477, + 357 3 
Solve the bottom loop equation for 7, and substitute into the top loop equation, resulting in an 


equation with only one unknown, which can be solved for 7 3 . 


6 = 127, -34 7 3 


6 + 347, 
12 


24 = 477, + 357 3 = 47 


"6 + 347 ^ 

v 12 , 


+ 357 3 -> 


ib) 




6 + 347, 




2 3 = 

2.97 mA 

• 7 = 3 = 

9 

12 

0.508A 

,7, I 2 + 7 3 

0.51 1 A 


The terminal voltage of the 6.0-V battery is 6.0 V-7 3 r = 6.0 V -(2.91 x 10 a)(1.0Q) 


= 5.997 V « 


6.0V. 


37 


This problem is the same as Problem 36, except the total resistance in the top branch is now 23 Q 
instead of 35Q. We simply reproduce the adjusted equations here without the prose. 


7, 7, + 7 3 


12.0 V- 7, (12 Q) + 12.0 V- 7, (23£2) = 0 -> 24 = 237, + 127 2 
12.0 V-7 2 (12Q)- 6.0 V + 7 3 (34Q) = 0 -> 6 = 127,-347 3 
24 = 237, + 127 2 =23(7, +7 3 ) + 127, =357, +237 3 


6 = 127 2 -347 3 
7 3 = 0.0532 A ; 


h 


6 + 34 7 3 
12 


24 


7 = 6 + 34 7 3 _ 0.6508A 
12 


357, + 237 3 

W.+A 


= 35 


6 + 347^ 

12 v 


+ 237, 


= 0.704 A * 


0.70A 
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38. The circuit diagram has been labeled with six different currents. We 
apply the junction rule to junctions a, b, and c. We apply the loop rule 
to the three loops labeled in the diagram. 

1) / = /,+/, ; 2) 7 1= 7 3 + 7 5 ; 3) 7 3 + 7 4 =7 

4) - I l R l - I 5 R 5 + I 2 R 2 = 0 ; 5) -I 3 R 3 +I 4 R 4 +I 5 R 5 = 0 
6) % - I 2 R 2 - I 4 R 4 = 0 
Eliminate / using equations 1) and 3). 

1) 7 3 + 7 4 =7,+7 2 ; 2) / 1 =/ 3 + / 5 

4) - I l R l - I 5 R 5 + I 2 R 2 = 0 ; 5) -I 2 R 3 +I 4 R 4 +I 5 R 5 = 0 
6) %-I 2 R 2 -I 4 R 4 = 0 
Eliminate 7, using equation 2. 

0 ^3 + = A + h + h 7 4 = 7 5 + 7 2 

4) -(I 3+ I 5 )R 1 -I 5 R 5+ I 2 R 2 =0 -> -7 3 i?,-/ 5 (i? 1+ i? 5 ) + / 2 i? 2 =0 

5) -7 3 7? 3 + 7 4 7? 4 + 7 5 7? 5 =0 

6) %-I 2 R 2 -I 4 R 4 =0 
Eliminate 7 4 using equation 1 . 

4) -I 3 R 1 -I 5 (R l+ R 5 ) + I 2 R 2 =0 

5) — 7 3 i? 3 + (/, + /,) R 4 + I -R s = 0 — > — 1 3 R. + /- ( 7? 4 + R 5 ) + I., R 4 = 0 

6) 'g-7 2 i? 2 -(7 5 + 7 2 )i? 4 =0 -> %-I 2 (R 2 +R 4 )-I 5 R 4 =0 

Eliminate I 2 using equation 4: I 2 = — [7 3 7?, +I s [R l +7? s )]. 

^2 

5) -I 3 R 3+ I 5 {R 4+ R 5 ) + ^-[l 3 R 1+ I 5 {R 1+ R 3 )]R 4 =0 -> 

7 3 (^A ~ ^2^3 ) + / 5 (AA + AA + AA + AA ) = 0 



6 ) ^--[7 3 7? 1+ 7 5 (7? 1+ 7? 5 )](7? 2+ 7? 4 )-7 5 7? 4 =0 

iY, 


%R 2 - I 3 R { (a, + R 4 ) - /. (RJC + A A + A A + AA + AA) - 0 

( R~R. + R~R, + R,R a + 1 

Eliminate I 3 using equation 5 : 7, = -L v - — - ~ ~ — 

(AA"AA) 

(R^R 4 +R^R+RR 4 +RR 4 } , , 

/ V 2 4 2 5 1 4 5 47 ) _ / ( /?, + 

(7?A-AA) 


ig/t + 7, 


7?j (A + A)~ 7 s(AA + 7?A + /C/7, + AA + AA) - 0 


7 f (R^R,+R 2 R +RR 4 +RR 4 ) , , . \ 

J ' (RR -RR) 1 ' J ' ' ' ' ' ' ' '’l 

, [r (25a)(i4n)4(25n)(i5n) + (22n)(i4n) + (i5a)(i4n) l ' 

A. [ (22£2)(14Q)-(25Q)(12Q) J l M ' 

[-[(22Q)(25Q) + (22)(l4) + (l5Q)(25Q) + (l5Q)(l4n) + (25Q)(l4Q)] 
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= -/ 5 ( 5261 Q) -► / 5 = 


6.0 V 
526 IQ 


-1.140mA (upwards) 


j { R 2 R 4 + R 2 R 5 + RR 4 + R ! R 4 ) 

’ (R,R t -*A) 

110n ^) ( 2 ^)(l 4n ) + ( 2 ^)(l^) + ( 22n )( 14 ^) + ( 15n )( 14a ) 

1 ' ■ (22Q)(14Q)-(25Q)(12Q) 


0.1771A 


^=^[^ 1 +^(^+^)]-^[(°- 1771A )( 22 ^) + (-°- 00114A )( 37 ^)] = 0 - 1542A 

/v 9 zj£2 

I 4 =/ 5 +/ 2 = -0.00114A + 0.1542A = 0.1531A 


/, = / 3 +/ 5 =0.1771A-0.00114A = 0.1760A 
We keep an extra significant figure to show the slight difference in the currents. 

I 22n = 0.176A / 25n = 0.154 A I nn = 0.177 A I un = 0.153A / 15n = 0.001 A, upwards 


39. The circuit diagram from Problem 38 is reproduced, with R 2 = 0. This 
circuit can now be simplified significantly. Resistors If and R 5 are in 
parallel. Call that combination R l5 . That combination is in series with 
R y Call that combination R l53 . That combination is in parallel with R 4 . 
See the second diagram. We calculate the equivalent resistance R 153 , use 
that to find the current through the top branch in the second diagram, and 
then use that current to find the current through R y 


R 152 = 


1 1 

+ 




R 


+ R } = 


5 J 


1 1 

- + - 


V 22Q 150 y 


+ 12Q = 20.92Q 


Use the loop rule for the outside loop to find the current in the top branch. 

6.0V 


S-Aa*. 53=0 


7 1 53 


R„ 


20.92 Q 


= 0.2868 A 


This current is the sum of the currents in If and R y Since those two 
resistors are in parallel, the voltage across them must be the same. 

I l R l =I S R S { I l53~ I s) R l =I 5 R 5 


v = V 

V 1 “ 5 


A = 7 I53 


R, 


(r 5 + r,) 


= (0.2868 A) 


22 D. 
37 D. 


0.17A 



40. (a) As shown in the diagram, we use symmetry to reduce the 
number of independent currents to six. Using Kirchhoff s 
junction rule, we write equations for junctions a, c, and d. We 
then use Kirchhoff s loop rule to write the loop equations for 
loops afgba, hedch, and aba (through the voltage source). 

A = 27, + 1 2 [1] ; I 3 + 1 4 — /j [2] ; 7 5 = 2/ 4 [3] 

0 = -2fR - I,R + I 2 R [4] ; 0 = -21 ^R - I 5 R + I 3 R [5] 

0 = %-I 2 R [6] 
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(b) 


We have six equations with six unknown currents. We use the method of substitution to reduce 
the equations to a single equation relating the emf from the power source to the current through 
the power source. This resulting ratio is the effective resistance between points a and b. We 
insert Eqs. [2], [3], and [6] into the other three equations to eliminate I\, 7 2 , and A. 

/ = 2 (/ 3+ / 4 ) + != 2 / 3 + 2 / 4+ ! [ 1 *] 

K K 

0 = -2 (/ 3 +I 4 )R-I } R + — R = -2I 4 R-2I 3 R + % [4*] 

0 = -2 1 4 R - 2 1 4 R + LR = -4 1 4 R + I 3 R [5*] 

We solve Eq. [5*] for 7 3 and insert that into Eq. [4*]. We then insert the two results into Eq. 
[1*] and solve for the effective resistance. 

7 3 = 4/ 4 ; 0 = -21 4 R - 3 (4/ 4 ) 7? + — » 7 4 = — p— 


r n,*r\ nr % rnr « 10S % 24% \2% 

V ’ R R \AR R 14 R 1R 



As shown in the diagram, we use symmetry to reduce the 
number of currents to four. We use Kirchhoff s junction rule 
at junctions a and d and the loop rule around loops abca 
(through the voltage source) and afgdcha. This results in four 
equations with four unknowns. We solve these equations for 
the ratio of the voltage source to current 7, to obtain the 
effective resistance. 


I = 2I x +I 2 [1] ; 2/ 3 = I 2 [2] 


0 = -2 1 2 R + % [3] ; 0 = -21 2 R - 21 } R + 21 X R [4] 


We solve Eq. [3] for / 2 and Eq. [2] for 7 3 . These results are 
inserted into Eq. [4] to determine l\. Using these results and 
Eq. [ 1 ] we solve for the effective resistance. 



7 = 27, + 1 2 = 2 


I 2 

% 

l=i 2 

+ In ~ 

% 

% 

2 



H 

2 " 

AR 


5 

2 R 

AR 

(3T 

% 

2% 

; R ea ~ 


\R 

— 

H 

— 


147? 

2R 

R 

" eq 

I 



3T 

4R 



( c ) As shown in the diagram, we again use symmetry to reduce 
the number of currents to three. We use Kirchhoff s 
junction rule at points a and b and the loop rule around the 
loop abgda (through the power source) to write three 
equations for the three unknown currents. We solve these 
equations for the ratio of the emf to the current through the 
emf (I) to calculate the effective resistance. 

7 = 37, [1] ; 7, = 27, [2] 

0 = -27,7? - 7,7? + ‘g [3] 

We insert Eq. [2] into Eq. [3] and solve for7i. Inserting I\ 
into Eq. [1] enables us to solve for the effective resistance. 

0 = -27,7? -\I,R + ^->7,=— ; 7 = 37, = > R sq 

1 2 1 1 5R 5R eq 
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41. (a) To find the equivalent resistance between points a and c, 

apply a voltage between points a and c, find the current that 
flows from the voltage source, and then calculate 7? = '<§// . 

There is no symmetry to exploit. 

(Bottom Loop) 1) %-RI 3 -0 

(a-d-b) 2) -RI l -RI 5 +RI 2 = 0 

(a-b-c) 3) - RI 2 - RI 6 + RI } = 0 

(d-b-c) 4) -RI 5 -RI 6 + R'I 4 = 0 ; 

(junction a) 5) 7 = I x + 1 2 + 1 3 I 

(junction d) 6) /,=/,+ I s 

(junction b) 7) 1 2 + 1 5 = 1 6 

From Eq. 1 , substitute 7 3 = %/R . 

2) -RI l -RI 5 +RI 2 =0 /,+/ 5 =/ 2 

% % 

3) -777, -777, +77- = 0 7, +7 =- 

77 77 

4) - RI 5 - RI 6 + R'I 4 = 0 -> 7?(7 5 +7 6 )=77'7 4 

5 ) / = /,+/,+! ; 6 ) / 1 =/ 4 +/ 5 ; 7 ) / 2 +/ 5 =/ 6 

R 

From Eq. 7, substitute 7 6 = 7, + 1 5 

2 ) I l +I 5= I 2 ’ 3 ) h + 7 2 + A = ~T 2/ 2 + ~ 

TV TV 

4) 77(27, + 1 2 ) - R'l 4 ; 5) / = /,+/,+! ; 6) /,=/ 4 +/ 5 

R 

From Eq. 6, substitute 7, = 7 4 + 7 5 — > 7. = 7, - 1 4 

2) 27, -I 4 =I 2 ; 3) 27 2 + 7,-7 4 =^ 

K 

4) R(2I 1 -2I 4 +I 2 ) = R'I 4 ; 5) 7 = 7 1+ 7 2 +^ 

R 

From Eq. 2, substitute 27, - 7 4 = 7, — > I 4 = 2f - 1 2 

3) 27 2 + 7,-(27 1 -7 2 ) = | -> 37 2 -7,=^ 

TV TV 

4) R(2I l -2(2I l -I 2 ) + I 2 ) = R'(2I l -I 2 ) -> 77(37 2 - 27,) = 77'(27, - 7 2 ) 

% 

5) 7 = 7 +7 t — 

7? 

From Eq. 3, substitute 37, -7. = — —>7 = 37, 

77 77 

r f f f <g\ X f f cgx 

4) 7? 37,-2 37, =77' 2 37,-- -7, -> 77 -37, +2— =77' 57,-2— 

l l 77JJ l l ' 77j 2 J l 77j l 7?J 
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(b) 


% % 

5) I = 3L + /,+— -> I = 4/ 

7? 7? 


From Eq. 5, substitute 7 2 = f 7 


4) 7? -3(|7) + 2- 


\ 

( . . 

i % 

= 7?' 

AU- 2 - 

i -> — = 

) 

l 7? 7 

! 7 


7 ? = 

eq 


7? (57?' + 37?) | 
8(7? + 7?') 


In this case, apply a voltage between points a and b. Now 
there is symmetry. In this case no current would flow through 
resistor 7?', and so that branch can be eliminated from the 
circuit. See the adjusted diagram. Now the upper left two 
resistors (from a to d to b) are in series, and the lower right two 
resistors (from a to c to b) are in series. These two 
combinations are in parallel with each other, and with the 
resistor between a and b. The equivalent resistance is now 
relatively simple to calculate. 


f 1 

1 

1 > 

-1 

r 4 ) 

-1 

+7? 


+ — 

+ — 




Ut? 

7? 

27 ? ) 


127? 7 





42. Define 7, to be the current to the right through the 2.00 V 
battery {%), and 7, to be the current to the right through the 
3.00 V battery (%)■ At the junction, they combine to give 
current 7 =7, +7, to the left through the top branch. Apply 

Kirchhoff s loop rule first to the upper loop, and then to the 
outer loop, and solve for the currents. 

\ - I x r - (7, + 7, ) 7? = 0 -> %-(R + r)l { -RI 2 =0 

- 7 2 r - (7, + 7 2 ) 7? = 0 -> \ -7?/, -(7? + r)7 2 =0 



Solve the first equation for 7, and substitute into the second equation to solve for 7, . 

x %-{R + r)L 2.00-4.4507, 

%-{R + r)I, -RI 2 =0 -> 7, =— — AA= L = 0.500- 1.1 1257, 

V ' 7? 4.00 

%-RI l -(R + r) I 2 = 3.00 V - (4.000) 7, - (4.450) (0.500 -1.1 1257, ) = 0 -> 


7, =-0.815 A ; 7 2 = 0.500 - 1.1 1257, = 1.407 A 
The voltage across 7? is its resistance times 7 =7, +7, . 


Note that the top battery is being charged - the current is flowing through it from positive to 
negative. 


V R = 7? (7, + 7,) = (4.00 0) (-0.815 A + 1.407 A) = 2.368 V = 


2.37V 


43. We estimate the time between cycles of the wipers to be from 1 second to 15 seconds. We take these 
times as the time constant of the RC combination. 

Is _ r 15s 


r = 7?C -> 7?, =- = — = 10°Q 

C lxlO^F 


K=~ = 

C lxlO^F 


= 15x10 O 


So we estimate the range of resistance to be 


1 MO - 15MO 
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44. (a) From Eq. 26-7 the product PC is equal to the time constant. 

r 24.0 x 10 6 s 7- 

r = i?C -» C = — - — = 1.60 x 10~ 9 F 


R 15.0x10 Q 

(. b ) Since the battery has an EMF of 24.0 V, if the voltage across the resistor is 16.0 V, the voltage 
across the capacitor will be 8.0 V as it charges. Use the expression for the voltage across a 
charging capacitor. 

- 


V c =%(\-e ,,T ) -> e~ ,lz = I 1 1 -> - — = In 

C V ’ 1 %J T 


v 

t = -T In | 1-^ 

%) 


- -(24.0 x 10~ 6 s)ln 1 


8.0V 

24.0V 


9.73x10 s 


45. The current for a capacitor-charging circuit is given by Eq. 26-8, with R 
the equivalent series resistance and C the equivalent series capacitance. 


/ = e 


(IR 




f c t c 2 A 


\C, + C 2 J |_ 


In 




= -(4400Q) 


(3.8 x 10 _6 f) 2 
7.6 x 10~ 6 F 


In 


(L50x10~ 3 a)(4400Q) 

(12.0V) 


Ri C 2 i , R\ 11 Cj 

p"M rp 


-^0- 

5 


it 


hH- 


5.0 x 10 s 


46. Express the stored energy in terms of the charge on the capacitor, using Eq. 24-5. The charge on the 
capacitor is given by Eq. 26-6a. 

U = ^ = — = \ C% (l " ^ ) = U m (l - ) ; 

U - 0.75(7 -> U U~e- ,/r ) 2 =0.75U -> (l -e' h \ = 0.75 -> 

max max y / max y 1 

t - -rln(l - Vo/75 j = |2.01r 


47. The capacitance is given by Eq. 24-8 and the resistance by Eq. 25-3. The capacitor plate separation 
d is the same as the resistor length L Calculate the time constant. 


r = RC = 


pd 

A 


A , 

Ks o ~ 1 = 

d 


pKs 0 = (l.O x 10 12 Q-m)(5.0)(8.85 x 10 12 C 2 /N-m 2 ) = 


44 s 


48. The voltage of the discharging capacitor is given by V c = V 0 e !//<< . The capacitor voltage is to be 

0.0010 K. 


V c =V 0 e~ ,/RC -> 0.0010F 0 = V 0 e~ ,/sc -> 0.0010 = e~ l/RC -> ln(0.010) = -> 

RC 


t = - 


7?Cln(0.010) = -(8.7 x 10 3 fi)(3.0 x 10 _6 F)ln(0.0010) 


0.18s 
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49. (a) Att = 0, the capacitor is uncharged and so there is no voltage difference across it. The capacitor 
is a “short,” and so a simpler circuit can be drawn just by eliminating the capacitor. In this 
simpler circuit, the two resistors on the right are in parallel with each other, and then in series 
with the resistor by the switch. The current through the resistor by the switch splits equally 
when it reaches the junction of the parallel resistors. 


R =R + 

eq 


n 

R RJ 


= f R -> /,= — = — - 
R | R 

eq 2 


2 % 


3 R 


I = / =-*-/ = 

, ±2 ±2 2 ± l 


3 R 


( b ) At t — co, the capacitor will be fully charged and there will be no current in the branch 

containing the capacitor, and so a simpler circuit can be drawn by eliminating that branch. In 
this simpler circuit, the two resistors are in series, and they both have the same current. 


R =R + R = 2R -> I = I = — = 

eq 1 2 R 


2 R 


; / 3 =1 


(c) At t — go, since there is no current through the branch containing the capacitor, there is no 

potential drop across that resistor. Therefore the voltage difference across the capacitor equals 
the voltage difference across the resistor through which I 2 flows. 

f % \ 


v c = v Ri =i 2 R = 


2 R) 


R = 


50. (a) With the currents and junctions labeled as in the diagram, we use 
point a for the junction rule and the right and left loops for the 
loop rule. We set current / 3 equal to the derivative of the charge 
on the capacitor and combine the equations to obtain a single 
differential equation in terms of the capacitor charge. Solving this 
equation yields the charging time constant. 



h = i 2 +h [i] ; «-v?,-/ 2 * 2 = 0 P] ; -^ +/ 2^=o P] 

We use Eq. [1] to eliminate I\ in Eq. [2], Then we use Eq. [3] to eliminate 7 2 from Eq. [2]. 

f n\ 

0 = %-(I 2 + I 3 )R i -I 2 R 2 ■ 0 = %-I 2 {R l + R 2 )-I 3 R l ; 0 = %- -f- (R 1+ R 2 )-I 3 R 1 

\yK 2 C j 

We set It, as the derivative of the charge on the capacitor and solve the differential equation by 
separation of variables. 

dQ' {'-(R x +R 2 ) 


0=%- 


r _Q^ 

\R 2 Cj 




O'- 


r 2 c% 
\ R \ +R 2 


= r 

JO 


r,r 2 c 


-dt — ) 


In 


Q 



{ R,C% \ 

Q'- 



\ R \ +R 2 J_ 


_(A± R 2 ) t , 

R x R 2 C 


In 


Q- 


r r 2 c% a 

\ R \ +R 2 J 

r r 2 c% a 

y R\ + R 2 j 


{ R i + R 2 ) l 

R t R 2 C 


R 2 C% 


/?, +R 2 


1-e 


(/ Wi) } 
R x R 2 C 


From the exponential term we obtain the time constant, r = 


r x r 2 c 

R^ + R 2 
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( b ) We obtain the maximum charge on the capacitor by taking the limit as time goes to infinity. 


lim 


R 2 C% 


t — >oo -ft-i 


R, + R~ 


\-e 


(R,+Ri) 

R^C 


r 2 c% 


R^ + Rr, 


51. (a) With the switch open, the resistors are in series with each other, and so have the same current. 
Apply the loop rule clockwise around the left loop, starting at the negative terminal of the 
source, to find the current. 

V 24V 

V-IR-IR,= 0 -> / = = = 1.818A 

R t +R 2 8.8Q + 4.4Q 

The voltage at point a is the voltage across the 4.4 Q -resistor. 

V =IR 2 = (1.818 A)(4.4n) = 

(. b ) With the switch open, the capacitors are in series with each other. Find the equivalent 

capacitance. The charge stored on the equivalent capacitance is the same value as the charge 
stored on each capacitor in series. 

1 1 1 C.C, (0.48//F)(0.36//F) 

— = — + — -> C - — ^ = ^ c__L - 0.2057//F 

C eq C, C 2 q C,+C 2 (0.48//F + 0.36//F) 

2eq - VC eq = (24.0 V)(0.2057//F) = 4.937//C =Q t =Q 2 
The voltage at point b is the voltage across the 0.24//F -capacitor. 


8.0V 


(c) 



4.937/43 

0.36//F 


= 13.7 V* 


14V 


The switch is now closed. After equilibrium has been reached a long time, there is no current 
flowing in the capacitors, and so the resistors are again in series, and the voltage of point a must 
be 8.0 V. Point b is connected by a conductor to point a, and so point b must be at the same 


potential as point a, 


8.0V 


This also means that the voltage across C 2 is 8.0 V, and the 


voltage across C, is 1 6 V. 

(d) Find the charge on each of the capacitors, which are no longer in series. 

Q 1 = V,C, = (16V)(0.48//F) = 7.68//C 

Q 2 = y 2 C 2 = (8.0 V)(0.36//F) = 2.88 juC 

When the switch was open, point b had a net charge of 0, because the charge on the negative 
plate of Cj had the same magnitude as the charge on the positive plate of C, . With the switch 
closed, these charges are not equal. The net charge at point b is the sum of the charge on the 
negative plate of C { and the charge on the positive plate of C, . 


Q h = -Q x + Q 2 = -7.68/vC + 2.88/vC = -4.80 juC * -4.8/vC 


Thus 


4.8/43 


of charge has passed through the switch, from right to left. 
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52. Because there are no simple series or parallel connections in this 
circuit, we use Kirchhoff s rules to write equations for the currents, 
as labeled in our diagram. We write junction equations for the 
junctions c and d. We then write loop equations for each of the three 
loops. We set the current through the capacitor equal to the 
derivative of the charge on the capacitor. 

/ = / l+ / 3 [1] ; 7 = 7 2 +7 4 P] ; ^--^-^ = 0 [3] 

Cj C 2 


a 

c, 


a 

c. 


-I 2 R 3 =0 [4] ; ^-7 4 77 4 = 0 [5] 



-'l 2 

We differentiate Eq. [3] with respect to time and set the derivative of the charge equal to the current. 

Q ^d%_do L = _ 7 a 

dt dt Cj dt C 2 Cj C 2 2 1 Cj 

We then substitute Eq. [1] into Eq. [2] to eliminate 7. Then using Eqs. [4] and [5] we eliminate 7 3 
and 7 4 from the resulting equation. We eliminate 7 2 using the derivative equation above. 

/j +/ 3 =/ 2 +/ 4 ; 7j 4 — — 7j — — -| — 2= — 

i j i nr { r 1 Dr 1 

/v 3 Ci 

Finally, we eliminate Q 2 using Eq.[3]. 


h + 


a 

i? 3 Cj 


c. 


1 


= -7,^T + ^_ 

a * 4 


V 


«-^L 
C, 


— > 'S — / 1 77 , 


^C, + C 2 ^ 


1 y 


v 


C, 


% = i,r+Q- 

1 c 


where 77 = 77, 


r C { + C^ 


a 


1 y 

r 

and C = C, 


+a 

7?, 


^ 4 + V 

V 7? 3 a y 


-> 


v ^4 + ^3 y 


This final equation represents a simple 77C circuit, with time constant r = RC. 


r - 77C = R , 


^C 3 4-C 2 ^ ^ 


a 


a 


77, 


v 7? 4 4-7? 3 y 


77 4 7? 3 ( C t 4- C 2 ) 
77 4 4- 77 3 


(8.8Q)(4.4Q)(0.48 //F + 0.36 //F) 


.8Q + 4.4Q 


2.5//S 


53. The full-scale current is the reciprocal of the sensitivity. 
1 


SL 35,000Q/V 


2.9 x 10 A 


or 29//A 


54. The resistance is the full-scale voltage multiplied by the sensitivity. 
R = V m _ (sensitivity) = (250 V)(35,000Q/V) = 8.75 x 10 6 Q 


1.8 xlO Q 


55. 


(a) 


The current for full-scale deflection of the galvanometer is 
1 1 5 

I r = = — = 2.222 x 10 A 

sensitivity 45,000Q/V 

To make an ammeter, a shunt resistor must be placed in parallel with the galvanometer. The 
voltage across the shunt resistor must be the voltage across the galvanometer. The total current 
is to be 2.0 A. See Figure 26-28 for a circuit diagram. 
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I r I r 

I c r c = I R — » R ~—r c 

uG ss s ^ G ^ j 

s 1 full — 1 G 


= 2.222 xl(TQ* 


2.222 x 10 A 
2.0A - 2.222 x 10“ 5 A 


( 20 . 00 ) 


2.2 x 10 4 f2 in parallel 


(b) To make a voltmeter, a resistor must be placed in series with the galvanometer, so that the 

desired full scale voltage corresponds to the full scale current of the galvanometer. See Figure 
26-29 for a circuit diagram. The total current must be the full-scale deflection current. 

V m^ I G ( r G +R ) 


v 

R = 


1.00 V 


I r r<J 2.222 X 10 5 A 

G 


-20.00 = 44985Q ; 


45 kD in series 


56. (a) To make an ammeter, a shunt resistor must be placed in parallel with the galvanometer. The 

voltage across the shunt resistor must be the voltage across the galvanometer. See Figure 26-28 
for a circuit diagram. 

^shunt ~ R G ^ (All _ ^G)^shunt R G R G ^ 


“^shunt 


! g R g 


(55 x 10 _6 A)(32Q) 


7.0x10 


(25A-55x10- 6 A) 

(b) To make a voltmeter, a resistor must be placed in series with the galvanometer, so that the 

desired full-scale voltage corresponds to the full scale current of the galvanometer. See Figure 
26-29 for a circuit diagram. 




= I r (R +R r ) -> R = 

G \ ser G / ser 


K„ 


- R g = 


250 V 
55xlO"A 


-300 = 


4.5xl0 6 Q 


57. We divide the full-scale voltage of the electronic module by the module’s internal resistance to 

determine the current through the module that will give full-scale deflection. Since the module and 

R 2 are in parallel they will have the same voltage drop across them (400 mV) and their currents will 

add to equal the current through R\. We set the voltage drop across R\ and R 2 equal to the 40 volts 

and solve the resulting equation for R 2 . 

V 400 mV V V 

= = — - = 4.00 nA ; ; /j = I 2 + / mete „ = + /„ 


100 MQ 


R , 


R , 


V = IA+V mta 


R 2 = 






\ R 2 


-+T 


R , -> 


^meter _ 1 

(10x10 

6 n) 

(0.400 V) 

{V - ^meter ) " AnefeA (40 V - 0.400 V) - | 

(4.00 xio -9 a) 

(lOxio 6 n) 


100 kQ 


58. To make a voltmeter, a resistor R ser must be placed in 

series with the existing meter so that the desired full 
scale voltage corresponds to the full scale current of the 
galvanometer. We know that 25 mA produces full scale 
deflection of the galvanometer, so the voltage drop 
across the total meter must be 25 V when the current 
through the meter is 25 mA. 


^ full 
scale 


-vvv 


I — vw 

R, 


v shunt 

-VW 


-V, 


full 

scale 
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^full All Aq All 

scale scale scale 


R 


f l 1 v ‘ 


K, , 


R = 


full 

scale 


1 1 
R„ R _ 


* full V JV G shunt J 
scale 


V A Ahunt J 


25 V 

25 xlO~ 3 A 


1 


1 


33 Q 0.20 Q 


- 999.8 Q 


1000Q 


. 1000Q 


The sensitivity is 


25 V 


40Q/V 


59. If the voltmeter were ideal, then the only resistance in the circuit would be the series combination of 
the two resistors. The current can be found from the battery and the equivalent resistance, and then 
the voltage across each resistor can be found. 


R=R,+R. =44kn + 27kn = 71kD ; 1 = 

tot I 2 


V 


45 V 


■ = 6.338 x 10 A 


R, 71 x 10 £2 

tot 

V u = IR l = (6.338x10^ A) (44x1 0 3 Q) = 27.89 V 
V 21 =IR 2 =(6.338 xl0^A)(27xl0 3 Q) = 17.1 IV 

Now put the voltmeter in parallel with the 44 kO resistor. Find its equivalent resistance, and then 
follow the same analysis as above. 


R = 

eq 


1 1 
■ + ■ 


Y 1 


44 kfl 95 kQ 


= 30.07 kD 


R,=R +R= 30.07 kD + 27kD = 57.07 kD 1 = 

tot eq l 


V 


45 V 


R tt 57.07 x 10 

tot 

F 44 = V eq = IR eq = (7.885 x 10“ 4 A) (30.07 x IO'q) = 23.71 V : 


■ = 7.885 x 10 A 


24 V 


-15% (reading too low) 


23.71V-27.89V 

% error = x 100 = 

27.89V 

And now put the voltmeter in parallel with the 27 kQ resistor, and repeat the process. 


R = 

eq 


1 1 

v 27kQ 95kD y 


= 21.02 kD 


V 45 V 

R =R +R, =21.02kfi + 44kn = 65.02kn / = — = = 6.921 xl0" 4 A 

eq R ml 65.02 x10 3 Q 

v 21 =V eq =/R cq =(6.921 x10 _4 A)(21.02x 10 3 Q) = 14.55V : 


15V 


14.55V-17.11V 

% error = x 100 = 

17.11V 


-15% (reading too low) 


60. The total resistance with the ammeter present is R cq = 650Q + 480Q + 53Q = 1 183Q. The voltage 
supplied by the battery is found from Ohm’s law to be F battery =7/? eq = (5.25 x 1 0 A) ( I 1 83 £1) 

= 6.21 IV. When the ammeter is removed, we assume that the battery voltage does not change. The 
equivalent resistance changes to R' = 1 130Q , and the new current is again found from Ohm’s law. 
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j __ ^battery 6.211V 


R’ 


1130Q 


5.50 x 10 A 


|61.| Find the equivalent resistance for the entire circuit, and then 
find the current drawn from the source. That current will be 
the ammeter reading. The ammeter and voltmeter symbols 
in the diagram below are each assumed to have resistance. 

( 7500 Q) (1 5000 Q) 


R = 1.0Q + 0.50Q + 7500Q + - 


= 12501.50 « 125000 ; I 

7 source 


(75000 + 15000 0) 
12.0V 


R 125000 

eq 


9.60x10 A 



The voltmeter reading will be the source current times the equivalent resistance of the resistor- 
voltmeter combination. 

(75000)(150000) 


V . =7 R =(9.60x10~ 4 a) 

meter source eq \ / 


(75000 + 150000) 


4.8V 


62. From the first diagram, write the sum of the currents at junction 
a, and then substitute in for those currents as shown. 


7 1 ~ 7 ia +7 iv 


0 


v . . v .. 


A = 


R , 


V„ 




■ I — — — • I =-PL 

> 1A n > ± IV 


R, 


R, 


R , 


7?, 7?., 


2 1 V 

Then do a similar procedure for the second diagram. 


7 2 7 2A 7 2V 


>-iA~V],=o 


K. K 


7 2 = 


. 7 — ■ J _ 2V 

p ’ 2A D ’ 2V p 

/Vj 7^2 


7?, 


7? 2 7? v 



'IV 



‘2V 


Now there are two equations in the two unknowns of 7?, and R 2 . Solve for the reciprocal values and 
then find the resistances. Assume that all resistances are measured in kilohms. 

% ~ V r V r K v 12.0-5.5 5.5 5.5 


R , 


R i R w 


R , 


K . v „ 


R , 


7? 2 7? v 


8.0 4.0 

— + 0.22222 

R, 7?, 


A 

1 2 

— 0.05556 

R 2 R t 


5.5 

6.5 

18.0 

X 

4.0 

8.0 

18.0 

R, 


6^5 _ 5^5 
7?, 7?, 


-0.30556 


6.5 




R, 


— 0.05556 


7 


5^5 

7?, 


-0.30556 


1 0.66667 

R , 7.5 
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1 2 

R, = 11.25kfi ; — = 0.05556 


R 2 R 


R =8.18k£2 


So the final results are 


R 1 = llkfi ; R, = 8.2kD 


63. The sensitivity of the voltmeter is 1000 ohms per volt on the 3.0 
volt scale, so it has a resistance of 3000 ohms. The circuit is 
shown in the diagram. Find the equivalent resistance of the 
meter-resistor parallel combination and the entire circuit. 

R V R _(3000Q)(9400Q) 


R = 

P 




V R R \ ) 


■ = 221 AQ. 


Ry+R 


3000 Q + 9400 Q 
R =R + R = 2274Q + 9400Q = 1 16740 



Using the meter reading of 2.3 volts, calculate the current into the parallel combination, which is the 
current delivered by the battery. Use that current to find the EMF of the battery. 

V 2.3V , 

/ = — = = 1.011x10" 3 A 

R 2274 Q 


% = IR q = (l.Oll x 10~ 3 A)(l 16740) = 1 1.80V - 


12V 


64. By calling the voltmeter “high resistance,” we can assume it has no current passing through it. Write 
Kirchhoff s loop rule for the circuit for both cases, starting with the negative pole of the battery and 
proceeding counterclockwise. 

Case 1 : F meter -V t - IR %-I l r-I l R=Q -> % = I l {r + R 1 ) = -£-(r + tf,) 

K, 


K 


Case 2: V meter -V 2 - I 2 R 2 %-I 2 r-I 2 R 2 = 0 % = I 2 (r + R 2 ) = -^{r + R 2 ) 


R , 


Solve these two equations for the two unknowns of % and r . 


R, 


r = R t R 2 


R , 

f V-V ' 
2 1 

\TA~vAj 


= (35Q)(14.0Q) 


kl V-9.7V 


(9.7V)(l4.0n)-(8.1V)(35n) 


= 5.308Q 


5.3Q 


V 9 7V 

< 8 = — (r + 7? 1 ) = — (5.3080 + 35Q) = 11.17 V; 

R, 350 


11V 


65. We connect the battery in series with the body and a resistor. The current through this series circuit 
is the voltage supplied by the battery divided by the sum of the resistances. The voltage drop across 
the body is equal to the current multiplied by the body’s resistance. We set the voltage drop across 
the body equal to 0.25 V and solve for the necessary resistance. 


I = - 


R + R„ 


v = m.= %R - 


f < 


R + Ro 


-+R = 




— -1 
kV , 


R b = 


V 


1.5 V 
0.25 V 


-1 


(1800 0) = 9000 0 = |9.0k0 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

185 








Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


66. (a) Since P — V 2 /R and the voltage is the same for each combination, the power and resistance are 


inversely related to each other. So for the 

50 W output, use the higher-resistance filament 

For the 

1 00 W output, use the lower-resistance filament 

. For the 

150 W output, use the 

filaments in parallel 






(b) P = V 2 /R 




v (120 v) 

R = — R 5 ow =- — = 288Q i 

P 50 W 


290Q 


100 w 100W 


140Q 


As a check, the parallel combination of the resistors gives the following. 

RR (288Q)(144Q) V 2 (120V) 2 

R = — L - 2 - = 4 42 -96 Q P = — = 4 — = 150 W . 


R +R , 


288Q + 144Q 


R 


96 Cl 


|67.| The voltage drop across the two wires is the 3.0 A current times their total resistance. 
K, cs = = (3.0 A) (0.0065 Q/m)(l30m)f? p = 2.535 V . 


2.5 V 


Thus the voltage applied to the apparatus is V - V - F wires = 120 V - 2.535 V = 1 1 7.465 V 


117V 


68. The charge on the capacitor and the current in the resistor both decrease exponentially, with a time 

Qr 

constant of r = RC. The energy stored in the capacitor is given by U = \ — , and the power 


C 


dissipated in the resistor is given by P = PR. 

Q = Q n e " RC ; / = I n e" RC = ^ e t,RC = -^- e ,IRC 

R RC 


u^ = -au = u^-u,__ t =± 


IglS 
v c y ( =o 


( /O 2 *\ 


c 


±£_± 

2 c 2 


^dissipated 


Qn -t/RC 

— —e 

RC 


= [ Pdt = \l 2 Rdt = f 

0 oV-' 11 ' ^ 


V ^ 

Sf rsl t 


v C , 


2 c 


(>-") 


-^P\e- 2 ^dt=$ ( RC 


Rdt = -^4- | e 
RC 2 


RC 1 


( -2 i/rcY 

( e )o 


And so we see that 


^decrease = ^dissipated 


69. The capacitor will charge up to 75% of its maximum value, and then discharge. The charging time is 
the time for one heartbeat. 

1 min 60 s 


^beat 


72 beats 1 min 


■ = 0.8333s 


V = V n 


R = - 


( 4 


^ *beat ^ 

^beat 

( t \ 
_ _beat_ 

\-e RC 

0.75F 0 =F 0 

l-e RC 

-> = 0.25 -> 

\ ) 

V 7 


4 RC) 


= In (0.25) -> 


0.8333s 


Cln(0.25) (6.5 x 10 6 f) (—1 .3863) 


9.2xl0 4 Q 
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70. (a) Apply Ohm’s law to find the current. 


7 = 


K 


body 


77, 


body 


110V 

950Q 


= 0.1 16 A ; 


0.12 A 


( b ) The description of “alternative path to ground” is a statement that the 35 Q path is in parallel 
with the body. Thus the full 1 1 0 V is still applied across the body, and so the current is the 
same: 0.12 A 


(c) If the current is limited to a total of 1 .5 A, then that current will get divided between the person 
and the parallel path. The voltage across the body and the parallel path will be the same, since 
they are in parallel. 

(Ac 


V =v 

body alternate 


^ body body alternate "^alternate 


1 total body J * ^alternate 


body total 


R , 


( ^Andy “^Alternate ) 

This is still a very dangerous current. 


= (1.5 A) 


350 


950Q + 35Q 


= 0.0533A i 


-» 


53mA 


71 . (a) If the ammeter shows no current with the closing of the switch, then points B and D must be at 
the same potential, because the ammeter has some small resistance. Any potential difference 
between points B and D would cause current to flow through the ammeter. Thus the potential 
drop from A to B must be the same as the drop from A to D. Since points B and D are at the 
same potential, the potential drop from B to C must be the same as the drop from D to C. Use 
these two potential relationships to find the unknown resistance. 


V = V 

’ BA ' DA 


V - V 

' CB r CD 


-» 7/7, = 7,77, 


-» 


^ = A 

R, L 


I, 


LR =7,7?, -> R =77,^ = 

i x 12 x 2 j 


r 2 r 3 /r ] 


77, 


(b) R x = 77, — 1 = ( 972 Q) 

JV, 


( 78.6Q A 


630 Q 


121Q 


72. From the solution to problem 71, the unknown resistance is given by 77 v = R 2 R 3 /R i . We use that 
with Eq. 25-3 to find the length of the wire. 

pL 4pL 


77, pL 
77 = 77, — = b— 
- 77, A 


71 


(d/2) 2 7id ~ 


L = - 


477,/? 


(29.2Q)(3.48Q)/r| 

(l.22 x 10 3 


41 

(38.00) 

(l0.6xl0~ 8 Q-m) 

1 


29.5 m 


[73J Divide the power by the required voltage to determine the current drawn by the hearing aid. 
2.5 W 


V 4.0 V 


= 0.625 A 


Use Eq. 26-1 to calculate the terminal voltage across the three batteries for mercury and diy cells. 
V Hg = 3 (%-Ir) = 3 [l .35 V-(0.625 A)(0.030 Q)] = 3.99 V 

V D = 3(«-/r) = 3[l.50 V-(0.625 A)(0.35 Q)] = 3.84 V 


The terminal voltage of the mercury cell batteries is closer to the required 4.0 V than the voltage 
from the diy cell. 
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74. One way is to connect N resistors in series. If each resistor can dissipate 0.5 W, then it will take 7 
resistors in series to dissipate 3.5 W. Since the resistors are in series, each resistor will be 1/7 of the 
total resistance. 



32000 

7 


= 4570*4600 


So connect 


7 resistors of 4600 each, rated at Vi W, in series 


Or, the resistors could be connected in parallel. Again, if each resistor watt can dissipate 0.5 W, then 
it will take 7 resistors in parallel to dissipate 3.5 W. Since the resistors are in parallel, the equivalent 
resistance will be 1/7 of each individual resistance. 


— = 7[ — ) -> R = 7R q =7(32000) = 22.4 kO 

R eq \R J 


So connect 


7 resistors of 22.4 kO each, rated at Vi W, in parallel 


75. To build up a high voltage, the cells will have to be put in series. 120 V is needed from a series of 

120V 

0.80 V cells. Thus = 150 cells are needed to provide the desired voltage. Since these 

0.80V/cell 

cells are all in series, their current will all be the same at 350 mA. To achieve the higher current 
desired, ha nk s made of 150 cells each can be connected in parallel. Then their voltage will still be at 


120 V, but the currents would add making a total of — = 3.71 hanks * 4 hanks . So 

350x10 A/bank 


the total number of cells is [ 

600 cells 

. The panel area is 600 cells | 

[9.0 x 10 4 nf/cell) 


0.54 m 2 


The cells should be wired in 

4 hanks of 150 cells in series per bank, with the banks in parallel 


This will produce 1.4 A at 120 V. To optimize the output, 

always have the panel pointed directly at 


the sun . 


76. (a) If the terminal voltage is to be 3.0 V, then the voltage across 7?, will be 9.0 V. This can be used 
to find the current, which then can be used to find the value of R, . 

V, 


v x = m. 


/ = ^ 
R, 


v 2 = ir 2 


4.8Q 


V V 3 0V 

R 2 = = R. = (14.50)- 4.833Q 

I V ] 9.0 V 

(. b ) If the load has a resistance of 7.0 Q , then the parallel combination of R 1 and the load must be 

used to analyze the circuit. The equivalent resistance of the circuit can be found and used to 
calculate the current in the circuit. Then the terminal voltage can be found from Ohm’s law, 
using the parallel combination resistance. 


R , 


^load 
R 2 + ^load 


(4.833Q)(7.0Q) 

11.8330 


= 2.859 0 R =2.859 0 + 14.50 = 17.359 0 


i-Z— 


12.0V 


R 17.3590 


= 0.6913A 


K = « 2+load = (0.6913 A) (2.8590) = 1.976 V 


2.0V 


The presence of the load has affected the terminal voltage significantly. 
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77. There are two answers because it is not known which direction the given current is flowing through 
the 4.0 kQ resistor. Assume the current is to the right. The voltage across the 4.0 kQ resistor is 

given by Ohm’s law as V - IR - (3.10 x 10~ 3 a)( 4000Q) = 12.4 V. The voltage drop across the 

V 12.4V 3 

8.0 kQ must be the same, and the current through it is I - — = = 1.55 x 10 A. The total 

R 8000Q 

current in the circuit is the sum of the two currents, and so I, , — 4.65 x 1 0 A. That current can be 

7 tot 

used to find the terminal voltage of the battery. Write a loop equation, starting at the negative 
terminal of the unknown battery and going clockwise. 
F b -(5000Q)/ tot -12.4V-12.0V-(l.0Q)/, ot -> 

V b = 24.4V + (5001Q) (4.65 x 10~ 3 a) = 47.65 V 


48V 


If the current is to the left, then the voltage drop across the parallel combination of resistors is still 
12.4 V, but with the opposite orientation. Again write a loop equation, starting at the negative 
terminal of the unknown battery and going clockwise. The current is now to the left. 
k b +(5000Q)/ tot + 12.4V-12.0V+(l.0Q)/ tot -> 


V b = -0.4V - (5001 Q) (4.65 x 10~ 3 a) = -23.65 V 


-24 V 


78. The terminal voltage and current are given for two situations. Apply Eq. 26- 1 to both of these 
situations, and solve the resulting two equations for the two unknowns. 


V x =%-l x r 

„_V 2 -V X _ 


; V 2 =%-I 2 r 

47.3 V -40.8 V 


% = V, 


■ I x r -V 2 + I 2 r 


L-L 7.40A-2.80A 


■ = 1.413n> 


1.4Q 


% = V X +/,r = 40.8 V + (7.40A)(1.413Q) = 


51.3V 


|79.| The current in the circuit can be found from the resistance and the power dissipated. Then the 
product of that current and the equivalent resistance is equal to the battery voltage. 


P = VR 


R^ - 33Q + [ 



= 0.1557 A 


68 Q 75Q 


= 68.66Q V - 77? eq = (0.1557 A) (68. 66Q) = 10.69 V 


11V 


80. If the switches are both open, then the circuit is a simple series circuit. Use Kirchhoff s loop rule to 
find the current in that case. 

6.0V-/(50Q + 20Q + 10Q) = 0 -> / = 6.0V/80Q = 0.075A 

If the switches are both closed, the 20-Q resistor is in parallel with R. Apply Kirchhoff s loop rule to 

the outer loop of the circuit, with the 20-Q resistor having the current found previously. 

, . , w . 6.0 V- (0.075 A) (20 Q) 

6.0V-/(50Q)-(0.075A)(20Q) = 0 -> / = v n - = 0.090A 

This is the current in the parallel combination. Since 0.075 A is in the 20-Q resistor, 0.015 A must 
be in R. The voltage drops across R and the 20-Q resistor are the same since they are in parallel. 

r 20 = v s -> i 20 r 20 =i r r -> r - R 20 — = ( 20 q) a075A 

I R 0.015 A 
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81. (a) We assume that the ammeter is ideal and so has 0 resistance, but that the voltmeter has 

resistance R v . Then apply Ohm’s law, using the equivalent resistance. We also assume the 
voltmeter is accurate, and so it is reading the voltage across the battery. 

1 


V = 1R =/- 

eq 1 


1 

— + 

R R„ 


V 


fl 

1 ^ 


1 1 

1 

1 

I 

1 

-+ — 

= 7 

-» — + — 

= — -» 

— 

= 

— 

V R 

R J 


R A 

V 

R 

V 

A 


( b ) We now assume the voltmeter is ideal, and so has an infinite resistance, but that the ammeter 
has resistance R A . We also assume that the voltmeter is accurate and so is reading the voltage 
across the battery. 


V = IR cii =l(R + R A ) -y R + R a =j -y 


r=--r a 

I 


82. (a) The 12-0 and the 25-0 resistors are in parallel, with a net resistance R ]2 as follows. 


R l-2 = 


1 1 

- + - 


12 0 250 


= 8.1080 


R l 2 is in series with the 4.5-0 resistor, for a net resistance , 3 as follows. 

R i23 =4.50 + 8.1080 = 12.6080 

That net resistance is in parallel with the 1 8-0 resistor, for a final equivalent resistance as 
follows. 


f 


R = 

eq 


1 


1 


Y 1 


v 12.6080 180 j 


= 7.4150 ! 


7.40 


( b ) Find the current in the 18-0 resistor by using Kirchhoff s loop rule for the loop containing the 
battery and the 18-0 resistor. 

%-I ls R ls = 0 -> / 18 = — = 

8 R, 180 


0.33 A 


(c) Find the current in R ]2 and the 4.5-0 resistor by using Kirchhoff s loop rule for the outer loop 
containing the battery and the resistors R l 2 and the 4.5-0 resistor. 

£ 6.0V 


«-/,A 2 -/,.A 5 = o 


A = 


R \-2 + R 4.5 


12.6080 


= 0.4759 A 


This current divides to go through the 12-0 and 25-0 resistors in such a way that the voltage 
drop across each of them is the same. Use that to find the current in the 12-0 resistor. 

' 1-2 — M2 25 ^ 25 ~ 1 1-2 ~~ M2 

Kr., ~ ^ I [2 R \2 ~ ^ 25 R 25 ~ (A-2 ^1 2 ) ^25 ^ 


M2 M-2 


^ = (0.4759 A) 25 ^ 


0.32 A 


(A+A) V 7 370 

(i d) The current in the 4.5-0 resistor was found above to be / 12 = 0.4759 A . Find the power 
accordingly. 


P 45 = ll 2 R 45 = (0.4759 a) 2 (4.50) = 1.019 W : 


l.OW 
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83. Write Kirchhoff s loop rule for the circuit, and substitute for the current and the bulb resistance 
based on the bulb ratings. 


bulb 


vi 




R bu\b - ' 


Vi 


p =1 v -» / = 

± bulb bum bulb A '‘bulb 


K.. 


' ^bulb R Ajulb^bulb ^ 


R — R. — 

bum jy 

bulb bulb / bulb 


= )=i^(9.ov_3.ov) = 

^bu,b ^bu,b 2.0 


9.00 


84. The equivalent resistance of the circuit is the parallel combination of the bulb and the lower portion 
of the potentiometer, in series with the upper portion of the potentiometer. With the slide at position 
x, the resistance of the lower portion is xR mv , and the resistance of the upper portion is (l - x) R vai . 

From that equivalent resistance, we find the current in the loop, the voltage across the bulb, and then 
the power expended in the bulb. 


R 


parallel 


1 1 


4 


D D 

V ^rtower ^oulb J 


R \<msx R bu\b 


xR R. .. 

var bulb 


R , + R, ,, xR + R, ,, 

lower bulb var bulb 


R — — x^) R + R i 1 , — 

eq \ / var parallel ‘ loop 


Vi 


Y _ J D . P _ ' bulb 

Q 5 bulb ^ loop parallel ’ "oulb -p 
eq ^bulb 


(a) Consider the case in which x - 1.00. In this case, the full battery potential is across the bulb. 


and so it is obvious that F bulb = 1 20 V. Thus P bulb - 

( b ) Consider the case in which x - 0.65. 

R _ _(0.65)(150Q)(240Q) 


vi 


R. 


(120V) 2 
240 Q 


60 W 


= 69.33Q 


paralld xR w +R m ( 0.65) ( 1 50 Q) + 240 Q 

* q - (1 ' -x)K = (0.35) (150Q) + 69.330 = 121.830 


_ % _ 120V 
loop_ R ~ 121.830 

eq 


= 0.9850 A ; V bulb = (0.9850 A) (69.330) - 68.29 V 


(68.29V) 2 

R b,b=~ - 19.43 W = 


240 O 

(c) Consider the case in which x = 0.35. 


19 W 


R 


^uAu,b (0-35)(150Q)(240Q) 


= 43.080 


parallel x/? var + /? bulb (0.35)(l50 0) + 240 0 

** = (1 ■ ~x)Kr + "^parallel = (0.65) (1500) + 69.330 = 140.580 


loop 


120V 


R 140.580 

eq 


= 0.8536 A ; F bulb = (0.8536 A)(43.08O) = 36.77 V 


(36.77V)' 

P bu ib = ^ = 5.63 W i 
240 O 


5.6 W 
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85. (a) When the galvanometer gives a null reading, no current is passing through the galvanometer or 
the emf that is being measured. All of the current is flowing through the slide wire resistance. 
Application of the loop rule to the lower loop gives %-lR- 0, since there is no current through 
the emf to cause voltage drop across any internal resistance. The amount of current flowing 
through the slide wire resistor will be the same no matter what emf is used since no current is 
flowing through the lower loop. Apply this relationship to the two emf s. 


% -IR . = 0 ; % -IR . = 0 -> 


% 

% 


% x = 

f R ^ 

% 

X 

_ s 



R 

X 

R 

s 






(b) 


Use the equation derived above. We use the fact that the resistance is proportional to the length 
of the wire, by Eq. 25-3, R - pi/ A. 

r i ^ 


%. = 


r R A 




% = 


p 


A 


i 


% = 


V* J 


% = 


^45.8cm^ 


33.6cm 


(1.0182 V) = 


1.39V 


(c) 


If there is current in the galvanometer, then the voltage between points A and C is uncertainty 
by the voltage drop across the galvanometer, which is V G = I (j R g - ( 0.0 1 2 x 10 A )(35Q) 


4.2x10 V 


(d) 


\. The uncertainty might of course be more than this, due to uncertainties 
compounding from having to measure distance for both the standard emf and the unknown emf. 
Measuring the distances also has some uncertainty associated with it. 

Using this null method means that the (unknown) internal resistance of the unknown emf does 
not enter into the calculation. No current passes through the unknown emf, and so there is no 
voltage drop across that internal resistance. 


86. (a) In normal operation, the capacitor is fully charged by the power supply, and so the capacitor 
voltage is the same as the power supply voltage, and there will be no current through the 
resistor. If there is an interruption, the capacitor voltage will decrease exponentially - it will 
discharge. We want the voltage across the capacitor to be at 75% of the full voltage after 0.20 s. 
Use Eq. 26-9b for the discharging capacitor. 


V = Ke 


0.75K = V„e 


-(0.20s )/ RC 


0.75 = e 


{0.20 s) IRC 


R = 


-(0.20s) 


-(0.20s) 


= 817900 ; 


82 kD 


(b) 


Cln(0.75) (8.5xl0~ 6 F)ln(0.75) 

When the power supply is functioning normally, there is no voltage across the resistor, so the 
device should NOT be connected between terminals a and b. If the power supply is not 
functioning normally, there will be a larger voltage across the capacitor than across the 
capacitor-resistor combination, since some current might be present. This current would result 
in a voltage drop across the resistor. To have the highest voltage in case of a power supply 
failure, the device should be connected between terminals I b and c I. 


87. Note that, based on the significant figures of the resistors, that the 1.0-0 resistor will not change the 
equivalent resistance of the circuit as determined by the resistors in the switch bank. 

Case 1: n = 0 switch closed. The effective resistance of the circuit is 1 6.0 kQ. The current in the 

16V 


circuit is / = - 


16.0kD 


= 1.0 mA. The voltage across the 1.0-Q resistor is V - IR 


= (l.0mA)(l.0fi) = 


1.0 mV 
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Case 2: n = 1 switch closed. The effective resistance of the circuit is 8.0 kQ. The current in the 


circuit is / = 


16V 

TOkD 


= 2.0mA. The voltage across the 1 .0-Q resistor is V — IR 


= (2.0mA)(l.0Q) = 


2.0 mV 


Case 3: n = 2 switch closed. The effective resistance of the circuit is 4.0 kQ. The current in the 

16V 


circuit is I = - 


4.0kQ 


= 4.0 mA. The voltage across the 1.0-Q resistor is V = IR 


= (4.0mA)(l.0Q) = 


4.0 mV 


Case 4: n = 3 and n= 1 switches closed. The effective resistance of the circuit is found by the 
parallel combination of the 2.0-kQ and 8. 0-kQ resistors. 


R = 

eq 


1 1 

- + - 


V 1 


2.0kQ 8.0kQ 


= 1.6kQ 


The current in the circuit is / = 


16V 

1.6kQ 


= 10mA. The voltage across the 1 .0-Q resistor is 


V - IR - (l0mA)(l.0Q) = 


lOmV 


So in each case, the voltage across the 1.0-Q resistor, if taken in mV, is the expected analog value 
corresponding to the digital number set by the switches. 


88. We have labeled the resistors and the currents through the 

resistors with the value of the specific resistance, and the emf s 
with the appropriate voltage value. We apply the junction rule to 
points a and b, and then apply the loop rule to loops 1, 2, and 3. 
This enables us to solve for all of the currents. 


J 5 + 7 6.8 - 7 12 + h W 

%+% 0 -I 5 R 5 -I 6 R 6 = 0 [2] (loop 1) 

^4 + V« 2 -W,=0 [3] (loop 2) 
In R n - I A = 0 [4] (loop 3) 



Use Eq. 4 to substitute I 6 R 6 = I n R n and / 6 = I l2 — = 21 n . Also combine the emf s by adding the 

' R 6 

voltages. 

7 5 +/, 8 =3/i 2 [1] ; %-I 5 R 5 -I l2 R l2 =0 [2] ; % 2 - I n R n - 7 6 A 8 =0 [3] 

Use Eq. 1 to eliminate / 68 by / 68 = 3 I l2 —I 5 . 


\s ~ J s R s ~ ] n R n ~ 0 


[ 2 ] 


%2 ~ ^12 R 12 _ ( 3 / i 2 _ h ) R 6.Z ~ 0 \ ~ 1 \2 (^12 + 3^6 8 ) + 1 5 R 6.S ~ 0 

Use Eq. 2 to eliminate I 5 by I 5 = 


% I\2 R \2 ^ an( j t f 1en SQ l ve f Qr j^' 


R, 


% ~ J ui R u + 3^ 68 ) + 


%~ln R u 

R< 


R 6.8 ~ 0 “*■ 


[3] 
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% R s + 


(12.00 V)(5.00Q) + (15.00 V)(6.800Q) 


12 R l2 R 5 +3R 6g R 5 + R l2 R 6i (12.00Q)(5.00Q) + 3 (6.800Q)(5.00Q) + (12.00Q) (6.800Q) 
= 0.66502A * |o.665A - I n 

__ % -, n R n _ (1S.00V) - ( 0.66 5 02A)(12.00n) . ,^ 5A .Qj^-1 
R, (5.00Q) ^ 

/ 68 = 3 I a -I 5 = 3 (0.66502 A) -1.40395 A = 0.59111 A » 1 0.591 A = / 68 

I 6 = 21 n = 2(0.66502 A) * |l.33A = / 6 


89. (a) After the capacitor is fully charged, there is no current 

through it, and so it behaves like an “open” in the circuit. In 
the circuit diagram, this means that I 5 = 0, I\ = 7 3 , and L = h- 
Write loop equations for the leftmost loop and the outer loop 
in order to solve for the currents. 


■t 



— I 2 ( R 2 + R a) — 0 ► 1 2 - 

%-I l (R l +R i ) = 0 -> /,=- 


12.0V 


R 2 + R 4 10.0Q 
% _ 12.0V _ 

R t + R } 15.0Q 


= 1.20A 


IaIS R, 


= 0.800A 


Use these currents to find the voltage at points c and d, which will give the voltage across the 
capacitor. 

V c = %-I 1 R = 12.0V-(1.20A)(1.0Q) = 10.8 V 

V A = %-I i R i = 12.0V -(0.800A) (10.0 Q) = 4.00V 

y cd = 1Q.8V -4.00V = |6.8V] ; Q = CV = (2.2//F) (6.8 V) = 14.96 //C » 

( b ) When the switch is opened, the emf is taken out of the circuit. Then we have the capacitor 
discharging through an equivalent resistance. That equivalent resistance is the series 
combination of R\ and IP, in parallel with the series combination of AN and IU- Use the 
expression for discharging a capacitor, Eq. 26-9a. 


R+R, R,+R, 


1 1 

+ 

11.00 14.00 


= 6.160 


Q-Q,e“ Kf - 


0.030 Q 0 


= -^ eq Cln(0.030) = -(6.160) (2.2 x 10 _6 F)ln(0.030) = |4.8xl0" 


90. (a) The time constant of the RC circuit is given by Eq. 26-7 . 
r = RC = (33.0 kO)(4.00 //F) = 132 ms 

During the charging cycle, the charge and the voltage on the capacitor increases exponentially 
as in Eq. 26-6b. We solve this equation for the time it takes the circuit to reach 90.0 V. 

V = %[\ -e~" r ) — > t — -rln 1-— =-(l32ms)ln 1 - — = 304 ms 

v ’ y %) y ’ y 100.0 vj 

(b) When the neon bulb starts conducting, the voltage on the capacitor drops quickly to 65.0 V and 
then starts charging. We can find the recharging time by first finding the time for the capacitor 
to reach 65.0 V, and then subtract that time from the time required to reach 90.0 V. 
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(c) 


fi-n 

1 ri.o f, 65.0 V ^ 

= -132 ms In 1 

V 'sj 

1 V ’ \ 100.0 vj 


= 139 ms 


At = 304 ms- 139 ms = 165 ms ; L = 304ms + 165ms = 


469 ms 


The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH26.XLS,” on 
tab “Problem 26.90c.” 



91. We represent the 10.00-MQ resistor by R l0 , and the resistance of the voltmeter as R v . In the first 
configuration, we find the equivalent resistance R cqA , the current in the circuit I A , and the voltage 
drop across R. 

R ~ R ~ ’ * ; >W A s=«-r A -> %- R 


«,,, = « + 


R w + R v 


; h = 


R 


R. 


- = %-V K 


v eqA v eqA 

In the second configuration, we find the equivalent resistance R eqB , the current in the circuit / B , and 
the voltage drop across R l0 . 


R = R +-^L. 
q R + R A 


; /„ = 


% 

R 


K =I n R, n =%-V n -> = 


R. 


eqB il eqB 

We now have two equations in the two unknowns of R and R v . We solve the second equation for 
R v and substitute that into the first equation. We are leaving out much of the algebra in this solution. 


R 


R 


L eqA 

R,„ 


= % ^LrT= % - v * ; 


R 


= % 


L eqB 


R _l_ ^io^v 
*10 + R ' 
*10 

R,.+ RRy 


- — % — To — > R v — 


V B R l0 R 


R + R 


(%R-V r R I0 -V r R) 


%-V A =% 


R 


R+ *io*v 


- = %- 


R 


*io + *v 


*10 

R i 

V B R l0 R 

pR-V B R w -V B R)_ 

*10 + 

V b r w r 

_(%R-V b R 10 -V b R)_ 


— » 


R = V TWV 


r A 


0.366V 


(10.00 MQ) = 199.92 MO » |2QOMO| (3 sig. fig.) 
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92. Let the internal resistance of the voltmeter be indicated by R v , and let the 1 5-MQ resistance be 
indicated by R l5 . We calculate the current through the probe and voltmeter as the voltage across the 
probe divided by the equivalent resistance of the problem and the voltmeter. We then set the voltage 
drop across the voltmeter equal to the product of the current and the parallel combination of R v and 
R l5 . This can be solved for the u nk nown resistance. 


1 = 


V 


R+ RlsR v 


K, = I R ^ 


V 


R \5 R V 


vif, R w 


V 

R = ^±- 


R \5 + R V 


R 15 R V~ R 15 R V 


R 15 + R V 


R 15 +R V R + R IS R V R V^ +R V R ( R 15 +R v) + R 15 R \ 

(15MQ)(10MQ)P 




R 15 R V 


{ R 15 +R v) { R 15 +R v) 

= 5994 MQ * 6000 MQ - |6GQ 


T_, 

V^v j 


(25 MQ) 


50,000 V 
50 V 


-1 


93. The charge and current are given by Eq. 26-6a and Eq. 26-8, respectively. 


Q = C%{ l-e~ tlRC ) 


I = — e ~" RC 

R 


; r = RC = (l.5 x 10 4 Q)(3.0 x 10“ 7 f) = 4.5 x 10~ 

0.63g fiml = 0.63Ci = 0.63(3.0 x 10' 7 f)( 9.0 V) = 1.70 x 10“ 6 C 

9.0V 


0-37/^= 0.37- = 0.37 


1.5 x 10 4 Q 


= 2.22 x 10 A 


The graphs are shown. The times 
for the requested values are about 
4.4 or 4.5 ms, about one time 
constant, within the accuracy of 
estimation on the graphs. 

The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH26.XLS,” on tab 
“Problem 26.93.” 
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Responses to Questions 

[T] The compass needle aligns itself with the local magnetic field of the Earth, and the Earth’s magnetic 
field lines are not always parallel to the surface of the Earth. 

2. The magnetic field lines are concentric circles around the wire. 

With the current running to the left, the field is directed 
counterclockwise when looking from the left end. So, the field 
goes into the page above the wire and comes out of the page 
below the wire. 

3. The force is downward. The field lines point from the north pole to the south pole, or left to right. 

Else the right hand rule. Your fingers point in the direction of the current (away from you). Curl them 
in the direction of the field (to the right). Your thumb points in the direction of the force 
(downward). 

4. F is always perpendicular to both B and l . B and £ can be at any angle with respect to each other. 

5. Alternating currents will have little effect on the compass needle, due to the rapid change of the 
direction of the current and of the magnetic field surrounding it. Direct currents will deflect a 
compass needle. The deflection depends on the magnitude and direction of the current and the 
distance from the current to the compass. The effect on the compass decreases with increasing 
distance from the wire. 

6. The kinetic energy of the particle will stay the same. The magnetic force on the particle will be 
perpendicular to the particle’s velocity vector and so will do no work on the particle. The force will 
change the direction of the particle’s velocity but not the speed. 

[ 7 ] Positive particle in the upper left: force is downward toward the wire. Negative particle in the upper 
right: force is to the left. Positive particle in the lower right: force is to the left. Negative particle in 
the lower left: force is upward toward the wire. 

8. In the areas where the particle’s path is curving up towards the top 

of the page, the magnetic field is directed into the page. Where the T 

particle’s path curves downward towards the bottom of the page, si) * 
the magnetic field is directed out of the page. Where the particle is 

moving in a straight line, the magnetic field direction is parallel or anti-parallel to the particle’s 
velocity. The strength of the magnetic field is greatest where the radius of curvature of the path is the 
smallest. 

9. (a) Near one pole of a very long bar magnet, the magnetic field is proportional to 1 / r 1 . 

(b) Far from the magnet as a whole, the magnetic field is proportional to l/r 3 . 

10. The picture is created when moving charged particles hit the back of the screen. A strong magnet 
held near the screen can deflect the particles from their intended paths, and thus distort the picture. If 
the magnet is strong enough, it is possible to deflect the particles so much that they do not even reach 
the screen, and the picture “goes black.” 
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1 1 . The negative particle will curve down (toward the negative plate) if v > E/B because the magnetic 
force (down) will be greater than the electric force (up). If v < E/B the negative particle will curve 
up toward the positive plate because the electric force will be greater than the magnetic force. The 
motion of a positive particle would be exactly opposite that of a negative particle. 


12. No, you cannot set a resting electron into motion with a static magnetic field. In order for a charged 
particle to experience a magnetic force, it must already have a velocity with a component 
perpendicular to the magnetic field: F = qvB sin#. If v = 0, F = 0. Yes, you can set an electron into 
motion with an electric field. The electric force on a charged particle does not depend on velocity: 
F = qE. 


13. 


The particle will move in an elongating helical path in the direction of the electric field (for a 
positive charge). The radius of the helix will remain constant. 


14. Consider a positive ion. It will experience a force downward due to the applied electric field. Once it 
begins moving downward, it will then experience a force out (in the direction of the red arrow) 
because of its motion in the magnetic field. A negative ion will experience a force up due to the 
electric field and then, because it is a negative particle moving up in the magnetic field directed to 
the right, it will experience a force out. The positive and negative ions therefore each feel a force in 
the same direction. 


15. The beam is deflected to the right. The current in the wire creates a magnetic field into the page 
surrounding the beam of electrons. This results in a magnetic force on the negative particles that is to 
the right. 

16. Yes. One possible situation is that the magnetic field is parallel or anti-parallel to the velocity of the 
charged particle. In this case, the magnetic force would be zero, and the particle would continue 
moving in a straight line. Another possible situation is that there is an electric field with a magnitude 
and direction (perpendicular to the magnetic field) such that the electric and magnetic forces on the 
particle cancel each other out. The net force would be zero and the particle would continue moving 
in a straight line. 

17. No. A charged particle may be deflected sideways by an electric field if a component of its velocity 
is perpendicular to the field. 


18. If the direction of the velocity of the electrons is changing but their speed is not, then they are being 
deflected by a magnetic field only, and their path will be circular or helical. If the speed of the 
electrons is changing but the direction is not, then they are being accelerated by an electric field only. 
If both speed and direction are changing, the particles are possibly being deflected by both magnetic 
and electric fields, or they are being deflected by an electric field that is not parallel to the initial 
velocity of the particles. In the latter case, the component of the electron velocity antiparallel to the 
field direction will continue to increase, and the component of the electron velocity perpendicular to 
the field direction will remain constant. Therefore, the electron will asymptotically approach a 
straight path in the direction opposite the field direction. If the particles continue with a circular 
component to their path, there must be a magnetic field present. 


19 


Use a small current-carrying coil or solenoid for the compass needle. 
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20. Suspend the magnet in a known magnetic field so that it is aligned with the field and free to rotate. 
Measure the torque necessary to rotate the magnet so that it is perpendicular to the field lines. The 

magnetic moment will be the torque divided by the magnetic field strength, t = p x B so 
r = /uB when the magnetic moment and the field are perpendicular. 

21. ( a ) If the plane of the current loop is perpendicular to the field such that the direction of 

parallel to the field lines, the loop will be in stable equilibrium. Small displacements 
position will result in a torque that tends to return the loop to this position. 

( b ) If the plane of the current loop is perpendicular to the field such that the direction of 
parallel to the field lines, the loop will be in unstable equilibrium. 

22. The charge carriers are positive. Positive particles moving to the right in the figure will experience a 
magnetic force into the page, or toward point a. Therefore, the positive charge carriers will tend to 
move toward the side containing a; this side will be at a higher potential than the side with point b. 

23. The distance 2 r to the singly charged ions will be twice the distance to the doubly charged ions. 


A is 

from this 
A is anti- 


Solutions to Problems 


[T] (a) Use Eq. 27-1 to calculate the force with an angle of 90° and a length of 1 meter. 

F 


F = I£B sin <9 


/ 


= IB sin 0 = ( 9.40 A) ( 0.90 T) sin 90° - 8.5 N/m 


F 


(b) — = IB sin 0 = ( 9.40 A) (0.90 T) sin 35.0° = |4.9N/m 


2. Use Eq. 27-1 to calculate the force. 

F = VLB sin 6 = (l50A)(240m)(5.0x l(T 5 T)sin68 c 


1.7N 


3. The dip angle is the angle between the Earth’s magnetic field and the current in the wire. Use Eq. 
27-1 to calculate the force. 


F = VBsmd - (4.5 A)(l.6m)(5.5 x 10~ 5 T)sin41° = 


2.6x10 N 


To have the maximum force, the current must be perpendicular to the magnetic field, 

F F 

as shown in the first diagram. Use — = 0.25-^- to find the angle between the wire 
and the magnetic field, illustrated in the second diagram. 

-> IB sin 6 — 0.25/5 -» 0 = sin 1 0.25 = 


F F 
— = 0.25— 
£ i 


14° 


5. ( a ) B y the right ha nd rule, the magnetic field must be pointing up, and so the top pole face must be 

a 


South pole 


(. b ) Use Eq. 27-2 to relate the maximum force to the current. The length of wire in the magnetic 
field is equal to the diameter of the pole faces. 
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F = llB -» I = 


F 


(7.50x10"n) 


= 3.4091 A = 


3.41 A 


IB (0.100m)(0.220T) 

(c) Multiply the maximum force by the sine of the angle between the wire and the magnetic field. 
F = F m sin 9 = (7.50 x 1 (T 2 n) sin 80.0° = | 


7.39 xlO N 


6. The magnetic force must be equal in magnitude to the force of gravity on the wire. The maximum 
magnetic force is applicable since the wire is perpendicular to the magnetic field. The mass of the 
wire is the density of copper times the volume of the wire. 

F B = mg I IB = pn(\d) 2 tg 


1 = 


pnd~g 1 

(8.9xl0 3 kg/m 3 ) 

n\ 

(l.OO xl(T 

H 

2 

1 1 

(9.80m/s 2 ) 

4 B 

4 

(5.0 x 1 0 5 T ) 

1 


1400 A 


This answer does not seem feasible. The current is very large, and the resistive heating in the thin 
copper wire would probably melt it. 

fr] We find the force using Eq. 27-3, where the vector length is broken down into two parts: the portion 
along the z-axis and the portion along the line y=2x. 


£j = -0.250m k i 2 - 0.250m 


ft , 

i + 2] 

s 


F = il xB = / (f , + l 2 ) xB = (20.0 A)(0.250m) 

f „ „ ? - A / 

= (1.59 N) -kxi + -==jxi = - 1.59j +1.42k 
v v5 ) 

F = |f| = Vl.59 2 +1.42 2 N = |2.13 N 


-k + 


i + 2j 

s 


c(0.318iT) 


N 


6 = tan 


-1.42 N 
-1.59 N 


41.8° below the negative y-axis 


We find the force per unit length from Eq. 27-3. Note that while the length is not known, the 
direction is given, and so £ ~l\. 


F l=//xB = lfixB -> 


-?- = I ixB = (3.0A) 


i j k 

1 0 0 
0.20T -0.36T 0.25T 


:(-0.75j- 1.08k) N/ m 


f lm ^ 


100 cm 


-(7.5 j + 1 lk) x 10~ 3 N/cm 


We find the net force on the loop by integrating the infinitesimal force on each infinitesimal portion 
of the loop within the magnetic field. The infinitesimal force is found using Eq. 27-4 with the 

current in an infinitesimal portion of the loop given by Id l = / (-cos Id + si n j| rd 0 . 


F = J Idi x B = / ° cos 6i + sin 0j) rd 6 x 5 0 k = IB 0 r ° ^cos 6\ + sin 6i 


dB 
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/ 27T-0Q |- „ 

77? 0 r (sin 0j - cos 0i) = 77? 0 r sin (2/r - 0 O ) j - sin 0 O j - cos [in - 0 O ) i + cos 9 0 i 


-2IB (l rs'm 0 f] \ 


The trigonometric identities sin (2n-d) - -sint? and cos (2 n-6) = cost? are used to simplify the 
solution. 


10. We apply Eq. 27-3 to each circumstance, and solve for the magnetic field. Let B = 7? i + 7? j + Tfk. 
For the first circumstance, £ — Hi. 

i j k | 

= (-16.4A*m) B_) + (l6.4A*m)7?k = (-2.5j)N 


F b =7/xB = (8.2A) 


2.0m 0 0 

B B B 


B v = 0 ; (-16.4A*m)7? r = -2.5N -> B_ = 
For the second circumstance, £ — i j. 

i j k 

F b =7/xB = (8.2A) 0 2.0m 0 

B 0 0.1524T 

x 

5. ON 


2.5N 

16.4A*m 


= 0.1524T; 7? v unknown 


: (2.5N) i + (-16.4A*m)7? r k = (2.5i - 5.0k) N 


(-16.4A»m)7? = -5.0 N -> B = ^0.3049T 

1 16.4A-m 


Thus B = 


(0.30i + 0.15k)T 


11. We find the force along the wire by integrating the infinitesimal force from each path element (given 
by Eq. 27-4) along an arbitrary path between the points a and b. 

b _ b b 

F = Jft/lxB =7j^i<& + jr/y)xS 0 k = 75 0 J [-]dx + ir/v) = IB () |-Avj + Avij 

a a a 

The resultant magnetic force on the wire depends on the displacement between the points a and b, 
and not on the path taken by the wire. Therefore, the resultant force must be the same for the curved 
path, as for the straight line path between the points. 

12. The net force on the current loop is the sum of the 
infinitesimal forces obtained from each current 
element. From the figure, we see that at each 
current segment, the magnetic field is 
perpendicular to the current. This results in a 
force with only radial and vertical components. 

By symmetry, we find that the radial force 
components from segments on opposite sides of the loop cancel. The net force then is purely 
vertical. Symmetry also shows us that each current element contributes the same magnitude of force. 

F = jldlxB = -IB,, k J dl = -7 (B sin 9) k (2 nr) = 


-In IB 


sjr 2 +d 2 


z 
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13. 


The maximum magnetic force as given in Eq. 27-5b can be used since the velocity is perpendicular 
to the magnetic field. 

E ax = qvB = (1.60 x 10 19 C) (8.75 x 10 5 m/s) (0.45T) = 

By the right hand rule, the force must be directed to the [North | . 


6.3 x KT 14 N 


14. 


The magnetic force will cause centripetal motion, and the electron will move in a clockwise circular 
path if viewed in the direction of the magnetic field. The radius of the motion can be determined. 


v mv 

F — qvB — m — — > r — — 

max 4 

r qB 


(9.1 1 xl0~ 31 kg)(l.70 x 10 6 m/s) 

(l.60xl(T 19 c)(0.480T) 


2.02 x lCT 5 m 


15. In this scenario, the magnetic force is causing centripetal motion, and so must have the form of a 
centripetal force. The magnetic force is perpendicular to the velocity at all times for circular motion. 

0 


F = qvB -m — — > 

max 4 


mv (6.6 x 10“ 27 kg)(l.6 x 10 7 


m/s 


qr 2(l.60xl(T 19 C)(0.18m) 


1.8T 


16. Since the charge is negative, the answer is the OPPOSITE of the result given from the right hand rule 
applied to the velocity and magnetic field. 

(a) left 

(b) left 

(c) upward 

(d) inward into the paper 

( e ) no force 

(f) downward 

17. The right hand rule applied to the velocity and magnetic field would give the direction of the force. 
Use this to determine the direction of the magnetic field given the velocity and the force. 

(a) downward 

( b ) inward into the paper 

(c) right 


18. The force on the electron due to the electric force must be the same magnitude as the force on the 
electron due to the magnetic force. 


E 8.8x10 V/m 6 . : — T 

F=F r — > qE = qvB — > v = — = / — = 1.173 x 10 m/s « 1.2 x 10 m/s 

B 7.5xl(T 3 T — 


If the electric field is turned off, the magnetic force will cause circular motion. 


F b — qvB — m - 


— » r = 


mv 1 

(9.11xl(T 3l kg)( 

1.173 xlO 6 m/s) 

qB | 

(l.60xl0" 19 C 

)(7.5 x 10 3 T) 

1 


.9 x lO^m 


19 


(a) 


The velocity of the ion can be found using energy conservation. The electrical potential energy 
of the ion becomes kinetic energy as it is accelerated. Then, since the ion is moving 
perpendicular to the magnetic field, the magnetic force will be a maximum. That force will 
cause the ion to move in a circular path. 


"^initial final 


— > qV = \mv 1 — > v-, 


2 qV 


m 
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( b ) 



The period can be found from the speed and the radius. Use the expressions for the radius and 
the speed from above. 



2/r(6.6xl0 27 kg) 
2(l.60xl(T 19 C)(0.340T) 



20. The velocity of each charged particle can be found using energy conservation. The electrical 

potential energy of the particle becomes kinetic energy as it is accelerated. Then, since the particle is 
moving perpendicularly to the magnetic field, the magnetic force will be a maximum. That force 
will cause the ion to move in a circular path, and the radius can be determined in terms of the mass 
and charge of the particle. 



fTIV VC] B 

21. (a) From Example 27-7, we have that r = — , and so v = . The kinetic energy is given by 

qB m 


K — j mv 2 - jm 


rqB V rcfB 2 


and so we see that \K cc r 2 . 


(b) The angular momentum of a particle moving in a circular path is given by L = mvr . From 

fi iv rqB 

Example 27-7, we have that r = — , and so v = . Combining these relationships gives 

qB m 

T rqB rCTTl 

L = mvr = m r — qBr . 
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22. The force on the electron is given by Eq. 27-5a. 

i j 


F b = qx x B = -e 


7.0xl0 4 m/s -6.0xl0 4 m/s 0 

-0.80T 0.60T 0 


= -e(4.2 - 4.8) x 10 4 T-m/sk 


= — (l.60 x 1CT 19 c)(- 0.6 x 10 4 T-m/sk) = 9.6 x 10~ 16 Nk ; 


1x10 Nk 


23. The kinetic energy of the proton can be used to find its velocity. The magnetic force produces 
centripetal acceleration, and from this the radius can be determined. 

' 2 


K = \mv — » v = „ 1 


12 K 
m 


qvB 


mv 


mv 


qB 


m 


mv 


IK 

m 


qB qB 


qB 


^2(6.0xl0 6 eV) 

(l.60xl0~ 19 J/eV) 

(l .67 x 1 0 27 kg ) 

1 

(l .60 x 10~ 19 C)(0.20T) 


1.8 m 


24. The magnetic field can be found from Eq. 27-5b, and the direction is found from the right hand rule. 
Remember that the charge is negative. 

F 

F = qvB -> B = -^ = - ;; ~~ — 7 = 1 1 .8 T 

max ' ‘ 


qv (l.60xl0 _19 C)(2.8xl0 6 m/s) 


The direction would have to be East | for the right hand rule, applied to the velocity and the 
magnetic field, to give the proper direction of force. 


|25.| The total force on the proton is given by the Lorentz equation, Eq. 27-7. 

i j 

(3.0i - 4.2j) x 10 3 V/m + 


6.0xl0 3 m/s 3.0xl0 3 m/s -5.0xl0 3 m/s 

0 


F b = ^(E + vxB) -e 

0.45 T 0.38T 

= (l .60 x 10 I9 c)[(3.0i -4.2j) + (l.9i - 2.25j + 0.93k)] x 10 3 N/C 
= (l .60 x 10 _19 c)[(4.9i - 6.45] + 0.93k)] x 10 3 N/C 
= (7.84 x 10 16 i - 1.03 x 10 15 j + 1.49 x 10~ 16 k) N/C 


(o.78i-1.0j + 0.15k) 


x 10~ 1S N 


26. The force on the electron is given by Eq. 27-5a. Set the force expression components equal and 
solve for the velocity components. 

k I 


F b = q\ x B — > Fi + F j = -e 


F 


i J 

V V V 

x y z 

0 0 B_ 


3.8 x 10~ 13 N 


F--evB —>■ v = .. w 

* ' z v eB z ( 1 .60 x 10~ 19 c)(0.85T) 


= -ev B i -e(-v B ) j — > 

y z \ x z / J 

= -2.8 x 10 6 m/s 
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F -ev B_ — > v = 


F 


-2.7x10 N 


eB_ (l .60 x 1(T 19 c)(0.85T) 


= -2.0 x 10 6 m/s 


-^2.0i + 2.8j) x 10 6 m/s 


Notice that we have not been able to determine the z component of the electron’s velocity. 


27. The kinetic energy of the particle can be used to find its velocity. The magnetic force produces 

centripetal acceleration, and from this the radius can be determined. Inserting the radius and velocity 
into the equation for angular momentum gives the angular momentum in terms of the kinetic energy 
and magnetic field. 



mv 


mv 


qB 


qvB 


2m K 
qB 


From the equation for the angular momentum, we see that doubling the magnetic field while keeping 
the kinetic energy constant will cut the angular momentum in half. 


T — 1 / 

■^final 2 “^initial 


28. The centripetal force is caused by the magnetic field, and is given by Eq. 27-5b. 

2 


F = qvB sin 6 = qv B = m 


v 


-> 


r = 


mv (9.11x10 31 kg)(3.0x 10 6 m/s)sin45° 


= 4.314 xHTm* 


4.3 x 10" 5 m 


qB (l.60xl0' 19 C)(0.28T) 

The component of the velocity that is parallel to the magnetic field is unchanged, and so the pitch is 
that velocity component times the period of the circular motion. 
mv 


T = 


2 n- 

2 nr qB 2nm 


Yl U c 1 b 

f 

p = v..T = i’ cos 45° 


/ \ 2^9.11 xl0-”kg) 

= 3.0x10 m/s cos 45 — 

{qB J V ’ (l.60x 10 _ 9 Cj(0.28T) 


2.7 x lO^m 


29. (a) For the particle to move upward the magnetic force 
must point upward, by the right hand rule we see that 
the force on a positively charged particle would be 
downward. Therefore, the charge on the particle must 


be negative 


( b ) In the figure we have created a right triangle to relate 
the horizontal distance £, the displacement d, and the 
radius of curvature, r. Using the Pythagorean theorem 
we can write an expression for the radius in terms of 
the other two distances. 
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2 ( i 'y- n l d ~V 

r ={r — d ) +t — » r- 

2d 

Since the momentum is perpendicular to the magnetic field, we can solve for the momentum by 
relating the maximum force (Eq. 27-5b) to the centripetal force on the particle. 

mv 2 

F m =9 vB o= -» P = mv = qB 0 r = 

r 

30. In order for the path to be bent by 90° within a distance d, the radius of curvature must be less than 
or equal to d. The kinetic energy of the protons can be used to find their velocity. The magnetic 
force produces centripetal acceleration, and from this, the magnetic field can be determined. 




\ The magnetic force will produce centripetal acceleration. Use that relationship to calculate the 
speed. The radius of the Earth is 6.38 x 10 6 km , and the altitude is added to that. 

2 r> It Afivin - |9 rhfi snvin^Tl , 


qrB 1 

(l.60xl0~ 19 C) 

(6.385 x 10 6 m)| 

0.50 x 10~ 4 t) 

m 

238(1.66 xl0~ 27 kg 

0 


= 1.3 x10 s m/s 


Compare the size of the magnetic force to the force of gravity on the ion. 

F b qvB (l -60 x 10 19 c) (l .3 x 10 s m/s)(0.50 x 10 ^t) g 

F ~ mg ~ 238(l.66xl0" 7 kg)(9.80m/s 2 ) 

Yes , we may ignore gravity. The magnetic force is more than 200 million times larger than gravity. 


32. The magnetic force produces an acceleration that is perpendicular to the original motion. If that 
perpendicular acceleration is small, it will produce a small deflection, and the original velocity can 
be assumed to always be perpendicular to the magnetic field. This leads to a constant perpendicular 
acceleration. The time that this (approximately) constant acceleration acts can be found from the 
original velocity v and the distance traveled L The starting speed in the perpendicular direction will 
be zero. 

qvB 

F ± — ma - qvB — > a ± - 

m 

2 _ , _ ( 18 - 5x10 9c )( 5 - 00xir5T )( L00xl()3m ) 2 
1 01 2 1 2 m V vy 2 mv 2(3.40 x 10 3 kg)(l55m/s) 

This small distance justifies the assumption of constant acceleration. 



© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

206 









Chapter 27 


Magnetism 


33. (a) In the magnetic field, the proton will move along an arc of a 
circle. The distance x in the diagram is a chord of that circle, 
and so the center of the circular path lies on the perpendicular 
bisector of the chord. That perpendicular bisector bisects the 
central angle of the circle which subtends the chord. Also recall 
that a radius is perpendicular to a tangent. In the diagram, 

0 X - 0 2 because they are vertical angles. Then 0 2 = 0 4 , because 

they are both complements of 0 , , so 0 X - 0 4 . We have 0 4 = 0, 
since the central angle is bisected by the perpendicular bisector 
of the chord. 0- = 0 7 because they are both complements of 0 6 , 

and 0 y = 0 H because they are vertical angles. Thus 



0 { = 0 2 = 0 4 = 0 5 = 0 7 = 0 S , and so in the textbook diagram, the angle at which the proton leaves 


is 


0 = 45° . 


mv 


( b ) The radius of curvature is given by r = — , and the distance x is twice the value of r cos 0 . 

qB 


mv 


x = 2rcost? = 2 — cost? = 2 
qB 


( 1.67 x lCT 27 kg)( 

1.3xl0 5 m/s) 

1 

(l.60xl(T l9 C 

)(0.850T) 


cos 45° = 


2.3 x 10 m 


34. (a) Since the velocity is perpendicular to the magnetic field, 

the particle will follow a circular trajectory in the x-y plane 
of radius r. The radius is found using the centripetal 
acceleration. 


qvB = '■ 


mv 


-» r = 


mv 



r qB 

From the figure we see that the distance a is the chord 
distance, which is twice the distance r cos <9. Since the 

velocity is perpendicular to the radial vector, the initial direction and the angle 
complementary angles. The angles ^and 0 are also complementary angles, so 8 = 30°. 
2 mv n 


>are 


a = 2r cos 0 = cos 30° = 

qB 0 


V3 


mv n 


qB 0 


C b ) 


From the diagram, we see that the particle travels a circular path, that is 2</> short of a complete 
circle. Since the angles (fi and 0 are complementary angles, so <j> = 60°. The trajectory distance 
is equal to the circumference of the circular path times the fraction of the complete circle. 
Dividing the distance by the particle speed gives t a . 


_ l _ 2 nr 
t a — ~ 

V 0 V, 


*0 


' 360° -2 (60°) ' 

2 tv mv 0 (2^\ 

4mn 

360° 

V / 

i 

n 

o 

1 

3 qB 0 


35. 


The work required by an external agent is equal to the change in potential energy. The potential 
energy is given by Eq. 27-12, U = -ji*B. 


(a) W = AU = (-u-b) -(-ii*B) =(ii*B) - (Q*B) =NIAB( cos t? - cos <? r , ) 

V ’ V ^ /final v r /initial /initial /final V lnltlal fmal / 


= NIAB (cos 0° - cos 1 80°) = \2NIAB 


(b) W = NIAB (cos 0 milat - cos 0 {mal ) = NIAB (cos 90° - cos (-90°)) = [o] 
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36. With the plane of the loop parallel to the magnetic field, the torque will be a maximum. We use Eq. 
27-9. 

r 0.185m*N 


r = NIAB sin 0 


B = 


NIAB sin 6 (l)(4.20A)/r(0.0650m)‘ sin90° 


3.32T 


|37.| (a) The torque is given by Eq. 27-9. The angle is the angle between the B-field and the 
perpendicular to the coil face. 


: NIABsmQ = 12(7.10 A) 



( 0.1 80 mV 

/ S \ . i 

n\ 

(5.50x10 T)sin24° = 


l 2 J _ 

V / 1 


4.85x10 m-N 


(. b ) In Example 27-11 it is stated that if the coil is free to turn, it will rotate toward the orientation so 
that the angle is 0. In this case, that means the north edge of the coil will rise, so that a 
perpendicular to its face will be parallel with the Earth’s magnetic field. 


38. The magnetic dipole moment is defined in Eq. 27-10 as /j - NIA . The number of turns, N , is 1. 
The current is the charge per unit time passing a given point, which on the average is the charge on 
the electron divided by the period of the circular motion, I -e/T . If we assume the electron is 

moving in a circular orbit of radius r, then the area is nr 1 . The period of the motion is the 
circumference of the orbit divided by the speed, T = 2/zr/v . Finally, the angular momentum of an 
object moving in a circle is given by L - mrv . Combine these relationships to find the magnetic 
moment. 

e 2 e 2 enr 1 v erv emrv e e 

// = NIA — — nr" — —nr" — = = = — mrv = — L 

T 2 nrj v 2 nr 2 2m 2m 2m 


39. 


(a) 


C b ) 
(c) 


The magnetic moment of the coil is given by Eq. 27-10. Since the current flows in the 
clockwise direction, the right hand rule shows that the magnetic moment is down, or in the 
negative z-direction. 


ji = MA = 15(7.6 A)/r 


/ 0.22 m3 / £\_ 4 334kA*m 2 « 

-4.3kA*m 2 

2 J V ) 



We use Eq. 27-1 1 to find the torque on the coil. 

f = p x B = (-4.334 k A*m 2 j x (o.55i + 0.60j - 0.65k 

We use Eq. 27-12 to find the potential energy of the coil. 

U = -p*B = -(-4.334 k A*m 2 j(o.55i + 0.60j-0.65kjT = -(4.334A*m 2 )(0.65 T) 


T = 


( 2.6 i -2.4jjm»N 


-2.8 J 


40. To find the total magnetic moment, we divide the rod into infinitesimal pieces of 
thickness dy. As the rod rotates on its axis the charge in each piece, (Q/d)dy, 

creates a current loop around the axis of rotation. The magnitude of the current 
is the charge times the frequency of rotation, coj2n . By integrating the 
infinitesimal magnetic moments from each piece, we find the total magnetic 
moment. 


^ = \d^ = \AdI = \l{7cy 2 )[^dy^ 


_ Qco 
2d 


C d * 

Jo ydy 


Qcod 2 
6 
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41. From Section 27-5, we see that t he torque is p roportional to the current, so if the current drops by 
12%, the output torque will also drop by 12% . Thus the final torque is 0.88 times the initial torque. 


42. In Section 27-6, it is shown that the deflection of the galvanometer needle is proportional to the 
product of the current and the magnetic field. Thus if the magnetic field is decreased to 0.860 times 
its original value, the current must be increased by dividing the original value by 0.860 to obtain the 
same deflection. 

I (63.0M)J. 


(®)„» = (»). 


^ "^filial 


initial initial 




0.800 B 


78.8 juA 


|43.| From the galvanometer discussion in Section 27-6, the amount of deflection is proportional to the 


ratio of the current and the spring constant: tj> oc — . Thus if the spring constant decreases by 15%, 

k 

the current can decrease by 15% to produce the same deflection. The new current will be 85% of the 
original current. 


Ai„ai=0-85/ inilial =0.85(46M)= 39//A 


44. Use Eq. 27-13. 
q E 


(260 V/m) 


m B-r (0.46T)~ (0. 0080m) 


1.5 x10 s C/kg 


45. The force from the electric field must be equal to the weight. 


\qE\ = (n e )\ ^ 


= mg — > n - 


mgd _ (3.3xl0 15 kg)(9.80m/s 2 )(0.010m) 




(l.60xl0' 19 )(340V) 


= 5.94 ~ 6 electrons 


46. (a) Eq. 27-14 shows that the Hall emf is proportional to the magnetic field perpendicular to the 
conductor’s surface. We can use this proportionality to determine the unknown resistance. 
Since the new magnetic field is oriented 90° to the surface, the full magnetic field will be used 
to create the Hall potential. 

l^ B , _ 63 mV , 


B t 


% 


- B , 


12mV 


(0.10T) = 0.53T 


(b) When the field is oriented at 60° to the surface, the magnetic field, B sin 60°, is used to create 
the Hall potential. 

B' ± sin 60° = ^-B l -> = 63 mV(0.10T) = 

1 % L 1 12 mV sin 60° 


0.61T 


47. (a) We use Eq. 27-14 for the Hall Potential and Eq. 25-13 to write the current in terms of the drift 
velocity. 


K H = -B- — 
H IB 


v d Bd 


en(td)v d B 


1 


ent 


(. b ) We set the magnetic sensitivities equal and solve for the metal thickness. 

1 1 . n. . 3xl0 22 m -3 


enj r en,J„, 




lxlO 29 m 


-(0.15xlQ- 3 m) = |5xlQ- 11 


m 


This is less than one sixth the size of a typical metal atom. 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

209 













Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


( c ) Use the magnetic sensitivity to calculate the Hall potential. 


= K„IB = — = 


(100 mA)(0.1T) 


ent (l.6xl0- 19 C)(3xl0 22 m- 3 )(0.15xl0“ 3 m) 


= 14mV« lOmV 


48. (a) We find the Hall field by dividing the Hall emf by the width of the metal. 


= %= 6 - 5 P v =2A67xl0~ 4 V/m*l22 


xlO~ 4 V/m 


d 0.03 m 

(b) Since the forces from the electric and magnetic fields are balanced, we can use Eq. 27-14 to 
calculate the drift velocity. 


v, = 


Eff 2.167x10 4 V/m in _ 4 , prq — 77—5 — ~ 

- H - - = 2.709x10 4 m/s » |2.7xl0 4 m/s 


B 


0.80T 


(c) We now find the density using Eq. 25-13. 

/ 42 A 


n - 


eAv d (l.6xl0- 19 C)(6.80xl0^ 4 m)(0.03m)(2.709xl0~ 4 m/s) 


4.7 x 10 28 electrons/m 3 


49. We find the magnetic field using Eq. 27-14, with the drift velocity given by Eq. 25-13. To 

determine the electron density we divide the density of sodium by its atomic weight. This gives the 
number of moles of sodium per cubic meter. Multiplying the result by Avogadro’s number gives 
the number of sodium atoms per cubic meter. Since there is one free electron per atom, this is also 
the density of free electrons. 


D _ _pFI _ 

v d d r 


<o H 


_ %nnet _ ^et 


neftd) 


PN A 


K ™A J 


(l.86xl0“ 6 v)(l.60xl0~ 19 C)(l.30xl0- 3 m) (0.971)(l000 kg/m 3 ) (6.022 xlO 23 e/mole) 


12.0 A 


0.02299 kg/mole 


0.820T 


50. (a) The sign of the ions will not chang e the magnitude of the Hall emf, but will 


determine the polarity of the emf 


(. b ) The flow velocity corresponds to the drift velocity in Eq. 27-14. 

_4_ (0.13x10- 3 v) 

* V ~ Bd~ (0.070T)(0. 0033m) 


= vBd — > 


0.56m/s 


51. The magnetic force on the ions causes them to move in a circular path, so the magnetic force is a 
centripetal force. This results in the ion mass being proportional to the path’s radius of curvature. 

qvB = m v 2 / r — > m-qBr/v — > mjr - qB/v - constant = 76 u/22.8cm 


m 2l0 76 u 

21.0cm 22.8cm 

m 2l9 76 u 

21.9cm 22.8cm 


— ^ ^21 0 — 70 u 


— ^ 777,,j 9 — 73 U 


m 2X 6 76 U 

21.6cm 22.8cm 

m 222 76 u 

22.2 cm 22.8 cm 


«21.6 = 72u 


— > m 222 = 74 u 


The other masses are [70 u, 72 u, 73 u, and 74 u |. 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

210 













Chapter 27 


Magnetism 


52. 


The velocity of the ions is found using energy conservation. The electrical potential energy 
of the ions becomes kinetic energy as they are accelerated. Then, since the ions move 
perpendicularly to the magnetic field, the magnetic force will be a maximum. That force will cause 
the ions to move in a circular path. 


qvB = 


mv 2 

R 


qBR 
v = 


m 


qV = \mv 2 =\m 


' qBR V 
V m J 


q 2 B 2 R 2 qR 2 B 2 

— > m = 

2m 2V 


53. The location of each line on the film is twice the radius of curvature of the ion. The radius of 
curvature can be found from the expression given in Section 27-9. 


m - 


2r — 
^'\2 


qBB'r 


—> r = • 


mE 

qBB' 


-> 2 r - 


2m E 
qBB' 


21 

(12)( 

\.61 x 10~ 27 kg) 

(2.48 x 10 4 V/m) 


(l.60xl0“ 19 c) 

(0.58T) 2 


= 1.8467x10 m 


2 r„ = 2.0006 xlO^m 


2 r. = 2.1545 x 10 ~m 


1.5 x 10 m 


» J 2 i-.U VUV ''XV XXX j^j 

The distances between the lines are 

2 r 13 - 2 r l2 = 2.0006 x 10" 2 m - 1.8467 x 10~ 2 m = 1.539 x 10~ 3 m * 

2 r 14 - 2r n = 2.1545 x 10 2 m - 2.0006 x 10~ 2 m = 1.539 x 10~ 3 m > 

If the ions are doubly charged, the value of q in the denominator of the expression would double, and 
so the actual distances on the film would be halved. Thus the distances between the lines would also 
be halved. 


1.5 x 10 m 


2 r l3 - 2 r 12 = 1.0003 x 10 2 m - 9.2335 x 10~ 3 m = 7.695 x 10~ 4 m * 
2r l4 -2r n = 1.07725 x 10" 2 m - 1.0003 x 10" 2 m = 7.695 x 10^m 


7.7 x lO^m 


7.7 x 10^m 


54. The particles in the mass spectrometer follow a semicircular path as shown in Fig. 27-33. A particle 
has a displacement of 2 r from the point of entering the semicircular region to where it strikes the 
film. So if the separation of the two molecules on the film is 0.65 mm, the difference in radii of the 
two molecules is 0.325 mm. The mass to radius ratio is the same for the two molecules. 
qvB = mv 2 /r — > m = qBr/v — > m/r = constant 


r m \ | 

( m 5 

1 28.0106u 28.0134u „ „ , 


= 

— 

-> = — -> r = 3.251m* 

3.3m 

V r ) co 

1 r ) 

N r r + 3.25xl0 4 m 



55.| Since the particle is undeflected in the crossed fields, its speed is given by Eq. 27-8. Without the 
electric field, the particle will travel in a circle due to the magnetic force. Using the centripetal 
acceleration, we can calculate the mass of the particle. Also, the charge must be an integer multiple 
of the fundamental charge. 

r> mvl 

qvB = -> 


m ■ 


qBr _ qBr _ neB 2 r 


n (l.60xl0 19 C)(0.034T) 2 (0.027m) 


■ n (3.3x10 27 kg)»/;(2.0u) 


’ {E/B) E 1.5xl0 3 V/m 

The particle has an atomic mass of a multiple of 2.0 u. The simplest two cases are that it could be a 
hydrogen-2 nucleus (called a deuteron), or a helium-4 nucleus (called an alpha particle): 


)H,;He 
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56. The radius and magnetic field values can be used to find the speed of the protons. The electric field 
is then found from the fact that the magnetic force must be the same magnitude as the electric force 
for the protons to have straight paths. 

qvB = mv 2 /r — » v-qBr/m F E -F B — > qE - qvB — » 

, , (l.60x 1CT 19 C) (0.625 T) 2 (5.10 x 10~ 2 m) — — q 

E = vB = qBTr m = ^ = 1.91 x 10 V/m 

1.67 x 1CT 2 kg 1 

The direction of the electric field must be perpendicular to both the velocity and the magnetic field, 
and must be in the opposite direction to the magnetic force on the protons. 


57. The magnetic force produces centripetal acceleration. 


2 / p 3.8x10 16 kg*m/s r~ — 

qvB = m v / r — > mv - p = ctBr —> B = — = — r-. — r- = 2.4 T 

qr (1.60x10 19 C)(l.0xl0 3 m) 

The magnetic field must point upward to cause an inward-pointing (centripetal) force that steers the 
protons clockwise. 


58. The kinetic energy is used to determine the speed of the particles, and then the speed can be used to 
determine the radius of the circular path, since the magnetic force is causing centripetal acceleration. 



59. (a) 


(b) 


(c) 


There will be one force on the rod, due to the magnetic force on the charge carriers in the rod. 
That force is of magnitude F B = IdB , and by Newton’s second law is equal to the mass of the 

rod times its acceleration. That force is constant, so the acceleration will be constant, and 
constant acceleration kinematics can be used. 


„ „ , IdB v - v„ v 

F et = F b = IdB = ma — » a = = = — 

m t t 



Now the net force is the vector sum of the magnetic force and the force of kinetic friction. 

F n« = F B~ F fr = MB - F F s = MB ~ Md n S = ^ -> 


IdB v - v n v 

a = M k g = = - -> v = 

m t t 

Using the right hand rule, we find that the force on the rod is to the east, and the rod moves |eas' 



60. Assume that the magnetic field makes an angle 0 with respect to the 
vertical. The rod will begin to slide when the horizontal magnetic force 
(IBl cost?) is equal to the maximum static friction (jyF N \. Find the 

normal force by setting the sum of the vertical forces equal to zero. See 
the free body diagram. 

F B sind + F N -mg = 0 — » F N -mg-F B sin0 = mg - HBsinO 
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IBlcosO = ju s F n =ju s (mg-ItBsinO) — >• B = 


ju s mg 


Il(jU s smO + cos 9) 

We find the angle for the minimum magnetic field by setting the derivative of the magnetic field 
with respect to the angle equal to zero and solving for the angle. 
dB _ ~M s mg {Ms cos 0 ~ sin °) 


— = 0 = 
d9 


B = 


— >9 = t&a l /u = tan _1 0.5 = 26.6° 

IH(b s sin 0 + cosOy 

jumg 0.5(0.40kg)(9.80m/s 2 ) 


/ 1 ( ju s sin0 + cos0) (36A)(0.22m)(0.5sin26.6° + cos26.6°) 


= 0.22T 


The minimum magnetic field that will cause the rod to move is |0.22 T at 27° from the vertical 


|61.| The magnetic force must be equal in magnitude to the weight of the electron. 


mg (9.11xl0~ 31 kg)(9.80m/s 2 ) 
mg = qvB — > v = - 


l.lxKT 6 m/s 


qB (l.60xl(r 19 C)(0.50xl0^T) 

The magnetic force must point upwar ds, and so by the right hand rule and the negative charge of the 
electron, the electron must be moving west 


62. The airplane is a charge moving in a magnetic field. Since it is flying perpendicular to the magnetic 
field, Eq. 27-5b applies. 


F 


: qvB = (1850 x 10A)(l20m/s) (5.0 x 10 5 t) = 


1.1x10 N 


63. The maximum torque is found using Eq. 27-9 with sin 9 = 1 . Set the current equal to the voltage 
divided by resistance and the area as the square of the side length. 

Ill) U'Mlrri ' 

R) ' \ 24 Q 


, f90V 

r = NIAB = N\ — l 2 B = 20 


(0.050m)' (0.020T) = |3.8xlQ- 4 m-N 


Ay 


64. The speed of the electrons is found by assuming the energy supplied 
by the accelerating voltage becomes kinetic energy of the electrons. 

We assume that those electrons are initially directed horizontally, v 

and that the television set is oriented so that the electron velocity is — -¥■ Ax 

perpendicular to the Earth’s magnetic field, resulting in the largest 
possible force. Finally, we assume that the magnetic force on the 
electrons is small enough that the electron velocity is essentially 
perpendicular to the Earth’s field for the entire trajectory. This results in a constant acceleration for 
the electrons. 

(a) Acceleration: 


U ... . = K — » eV = \mv — » v = 

initial final 2 x x 


2eV 


Deflection: 


time in field: Ax fleld = v x t mi 


Afield 


V 

Axy 


m 


F = qvB 


„ = ma 

Earth y 


— ^ Cl — 

y 


wA 


2eV 


-B, 


m 


m 


m 


per 

3 U Earth 

m 
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^y = i a yt 2 =b 


\2eV 


m 


- R 

3 ° Earth 


C Ax V 

Afield 

V V x J 


_ J_ 

2 ' 


2eV 


m 


^Earth^) 


2 m 


8m V 


A^(^y=. 


1.60 x 10 C 


'8(9.11x10 31 kg)(2.0xl0 3 v) 


2eV 

(5. Ox 10 _s T)(0.18m) 2 


= 5.37 x 10 ni ! 


5.4 mm 


(*) A -y = J— Earth (^) 2 - 


1.60 x IO C 


8mV 


5(9.1 lxl(T 31 kg) (28,000 V) 


(5.0 x 10 _5 t)( 0. 18 m) 2 


1.4 x 10 m 


Note that the deflection is significantly smaller than the horizontal distance traveled, and so the 
assumptions made above are verified. 

65. From Fig. 27-22 we see that when the angle 6 is positive, the torque is negative. The magnitude of 
the torque is given by Eq. 27-9. For small angles we use the approximation sin <9 « 6. Using Eq. 10- 
14, we can write the torque in terms of the angular acceleration, showing that it is a harmonic 
oscillator. 


t = -NIAB sin 0 » - IabBO - I M a — > a = - 


IabB 

V I M J 


6 = -or 6 


We obtain the period of motion from the angular frequency, using T = Injco . First we determine the 
moment of inertia of the loop, as two wires rotating about their centers of mass and two wires 
rotating about an axis parallel to their lengths. 


Im ~ ^ 


12 


2a+2b 


m \b 


+ 2 


2a + 2b 


m 


b t 2 (3 a + b^mb 2 


12 [a + b^ 


T = — = 2n 
co 


1 M _ 


= 2 n 


mb 2 (3 a + b) 


NIabB V12 [a + b^NIabB 


m 


n . 


b(3a + b ) 


3 (a + b^NIaB 


66. (a) 


(b) 


The frequency of the voltage must match the frequency of circular motion of the particles, so 
that the electric field is synchronized with the circular motion. The radius of each circular orbit 

/77 V 

is given in Example 27-7 as r = — . For an object moving in circular motion, the period is 

qB 


given by T 


2n r 
v 


and the frequency is the reciprocal of the period. 


2 nr 

T = 

v 


-> / = 


2 nr 


v 

„ mv 
2 n — 


Bq 

2mn 


qB 

In particular we note that this frequency is independent of the radius, and so the same frequency 
can be used throughout the acceleration. 

For a small gap, the electric field across the gap will be approximately constant and uniform as 
the particles cross the gap. If the motion and the voltage are synchronized so that the maximum 
voltage occurs when the particles are at the gap, the particles receive an energy increase of 
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K = qV 0 as they pass each gap. The energy gain from one revolution will include the passing 


of 2 gaps, so the total kinetic energy increase is 2 qV 0 
( c ) The maximum kinetic energy will occur at the outside of the cyclotron. 

t (0.50m) 2 (l.60xl(T 19 C) 2 (0.60T) 2 


ly 1 2 l 

A =±mV =t«! 

max 2 max 2 


^ r qB x 

max J 


V m 


Z Z r)Z 

, r q B 

1 max l 


777 


1.67 x 10 kg 


/ 


= 6.898 xlO~ 13 J 


leV 


1.60 x 10 19 J 


lMeV^ 
10 6 eV j 


4.3 MeV 


67.| The protons will follow a circular path as they move through the 
region of magnetic field, with a radius of curvature given in Example 
mv 

27-7 as r = — . Fast-moving protons will have a radius of curvature 
qB 

that is too large and so they will exit above the second tube. 

Likewise, slow- moving protons will have a radius of curvature that is 
too small and so they will exit below the second tube . Since the exit 
velocity is perpendicular to the radius line from the center of 
curvature, the bending angle can be calculated. 

I 


sin 6 = - 
r 


-» 


Q • -J . tqB . . 

0 = sin — = sm = sm 


mv 


(5.0x 10 2 m) 

(l.60x 10~ 19 c) 

(0.38T) 

(l .67 x 10 2 

: ’kg) 

(0.85 x 10 

7 m/s) 

1 



= sin 1 0.214 = 12° 


68. (a) The force on each of the vertical wires in the loop is 

perpendicular to the magnetic field and is given by Eq. 27-1, 
with 6 = 90°. When the face of the loop is parallel to the 
magnetic field, the forces point radially away from the axis. 

This provides a tension in the two horizontal sides. When the 
face of the loop is perpendicular to the magnetic field, the force 
on opposite vertical wires creates a shear force in the horizontal 
wires. From Table 12-2, we see that the tensile and shear 
strengths of aluminum are the same, so either can be used to 
determine the minimum strength. We set tensile strength multiplied by the cross-sectional area 
of the two wires equal the tensile strength multiplied by the safety factor and solve for the wire 
diameter. 

\2 



F 

— n 
A 


%\ = 10 ( 7£S ) 


v - 


10 (MB) 

-> d = 2. —± 1=2 


10(15.0 A)(0.200 m)(l.35T) 


n 




K 


(200 xlO 6 N/m 2 ) 


= 5.0777 xlO m « 0.508 mm 


(. b ) The resistance is found from the resistivity using Eq. 25-3. 


R = /? — = (2.65x1 0~ 8 Q*mj- 


4(0.200m) 


A 


n 


5.0777x10-' 


0.1050 


-m 
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69. The accelerating force on the bar is due to the magnetic force on the current. If the current is 

constant, the magnetic force will be constant, and so constant acceleration kinematics can be used. 

2 A 2 

v - 0 v 


v 2 = v 2 + 2aAx 


a = - 


2Ar 2Ax 


m 


F . = ma - IdB — » I 


ma 

dB 


2Ax 


mv 


(l.5xl0 3 kg)(25m/s)~ 
dB 2A xdB 2(l.0m)(0.24m)(l.8T) 


1.1 A 


Using the right hand rule, for the force on the bar to be in the direction of the acceleration shown in 


70. 


Fig. 27-53, the magnetic field must be down 

(a) 


For the beam of electrons to be undeflected, the magnitude of the magnetic force must equal the 

magnitude of the electric force. We assume that the magnetic field will be perpendicular to the 

velocity of the electrons so that the maximum magnetic force is obtained. 

E 8400 V/m , 

-> qvB - qE B = — = A— = 1.75 x 10' 3 T * 




4.8x10 m/s 


1.8 x 10 T 


0 b ) 


(c) 


of 


Since the electric field is pointing up, the electric force is down. Thus the magnetic forc e mu st 
be up. Using the right hand rule with the negative electrons, the magnetic field must be j 
the plane of the plane formed by the electron velocity and the electric field. 

If the electric field is turned off, then the magnetic field will cause a centripetal force, moving 
the electrons in a circular path. The frequency is the reciprocal of the period of the motion. 

qBr 


qvB 


mv 


-» V : 


m 


qBr 


f=- = — 

T 2 nr 


qB _ qE (l.60x 1(T 19 C)(8400 V/m) 

2 nr 2 nm 2nmv 2n[9. Ilxl0 31 kg)(4.8xl0 6 m/s) 


4.9 x 10 7 Hz 


71. We find the speed of the electron using conservation 
of energy. The accelerating potential energy becomes 
the kinetic energy of the electron. 


eV -\mv 2 


-> v- 


2eV 


m 


Upon entering the magnetic field the electron is 
traveling horizontally. The magnetic field will cause 
the path of the electron to rotate an angle 9 from the 
horizontal. While in the field, the electron will travel 
a horizontal distance d and a vertical distance ho- 
Using the Pythagorean theorem, and trigonometric 
relations, we can write three equations which relate 
the unknown parameters, r, ho, and 0. 





• n d 

sin 9 - — 


r 2 =d 2 + (r-h 0 ) — > h 0 =r-\lr 2 -d 2 


i — d r 

These three equations can be directly solved, for the radius of curvature. However, doing so requires 
solving a 3 rd order polynomial. Instead, we can guess at a value for h 0 , such as 1.0 cm. Then we use 
the tangent equation to calculate an approximate value for 9. Then insert the approximate value into 
the sine equation to solve for r. Finally, inserting the value of r into the third equation we solve for 
h 0 . We then use the new value of h 0 as our guess and reiterated the process a couple of times until 
the value of h 0 does not significantly change. 
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9- tan 


9 - tan 1 


9- tan 1 


llcm-l.Ocm 

22cm-3.5cm 


\ 


= 28.39° ■ 


3.5cm 

sin28.39° 


= 7.36cm 


->h 0 = 7.36cm-^(7.36cm) -(3.5cm) =0. 885cm 

1 1 cm -0.885 cm 
22 cm -3.5 cm 


= 28.67° ■ 


3.5 cm 

• r = = 7.30 cm 

sin28.67° 


— > /z 0 = 7.30 cm- J(7.30 cm)‘ -(3.5 cm)" = 0.894 cm 


1 1 cm -0.894 cm 
22 cm -3.5 cm 


= 28.65° ■ 


3.5 cm 
sin28.67° 


= 7.30cm 


->h Q - 7.30cm-y(7.30cm) -(3.5cm )“ =0. 894cm 
The magnetic field can be determined from the trajectory’s radius, as done in Example 27-7. 


r — - 


mv 

~eB 


g _ mv _ m 
er er 


2eV_ \2mV _ 2(9.1 Ixl0^kg)(25xl0 3 y) _ 

er 2 V (l.60xl0“ 19 C) (0.0730m) 2 ' m 


72. (a) As the electron orbits the nucleus in the absence of the magnetic field, its 
centripetal acceleration is caused solely by the electrical attraction between 
the electron and the nucleus. Writing the velocity of the electron as the 
circumference of its orbit times its frequency, enables us to obtain an 
equation for the frequency of the electron’s orbit. 


ke 2 _ v 2 _ (2 7vrf 0 ) 


- = m — = m 


+ /o 2 =- 


ke 2 



r" r r ' ' 4 n mr 

When the magnetic field is added, the magnetic force adds or subtracts from the centripetal 
acceleration (depending on the direction of the field) resulting in the change in frequency. 

ke . / ~ f\n (2?rr^) qB . n 

— —+q(2nrf)B = m- •- >f- + ^—f-f 0 2 = 0 

r r Inm 

We can solve for the frequency shift by setting / = / 0 + A/ , and only keeping the lowest order 
terms, since A/ «: / 0 . 




(/o + A/)-/ 0 2 = 0 


X + 2/ 0 A/ + X 


_ qB r _ 
+ 2^ /o + 



A^-X = 0 


-> 


A/ = ± 


qB 


A Km 


( b ) The “±” indicates whether the magnetic force adds to or subtracts from the centripetal 

acceleration, if the magnetic force adds to the centripetal acceleration, the frequency increases. 
If the magnetic force is opposite in direction to the acceleration, the frequency decreases. 


73 .| The speed of the proton can be calculated based on the radius of curvature of the (almost) circular 
motion. From that the kinetic energy can be calculated. 


qvB = 


mv 


-» v = 


qBr 


m 


jy 1 2 j 

K - i mv =±m 


D 2 t-)2 2 

qBr | qBr 


V m 


2m 


A K = 


qB 1 1 2 2 v (l.60xl0" 19 C) 2 (0.018T) 2 

; 


2(l.67 xlO" 27 kg) 


(8.5 xl0" 3 m) 2 - (10.0 xl0" 3 m) 2 


= -6.9x10 -°J or -0.43 eV 
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74. The forces on each of the two horizontal sides of the loop 
have the same magnitude, but opposite directions, so these 
forces sum to zero. The left side of the loop is located at 
x = b, where the magnetic field is zero, and therefore the 
force is zero. The net force is the force acting on the right 
side of the loop. By the right hand rule, with the current 
directed toward the top of the page and the magnetic field 
into the page, the force will point in the negative x 
direction with magnitude given by Eq. 27-2. 


H- 


F = HB -i \ = IaB, 


1 - 


b + a 


l = 


Ia-B n 





75. We assume that the horizontal component of the Earth’s magnetic field is 
pointing due north. The Earth’s magnetic field also has the dip angle of 
22°. The angle between the magnetic field and the eastward current is 
90°. Use Eq. 27-1 to calculate the magnitude of the force. 

F - HBsmO = (330A)(5.0m)(5.0 x KT 5 T)sin90° 


= 0.083N 



Using the right hand rule with the eastward current and the Earth’s magnetic field, the force on the 
wire is northerly and 68° above the horizontal . 


76. Since the magnetic and gravitational force along the entire rod is 

uniform, we consider the two forces acting at the center of mass of the 
rod. To be balanced, the net torque about the fulcrum must be zero. 
Using the usual sign convention for torques and Eq. 10- 10a, we solve 
for the magnetic force on the rod. 

Z r = 0 = Mg(\d)-mg{\d)-F M (\d) -> F u = [M — m)g 

We solve for the current using Eq. 27-2. 

(. M-m)g (8.0/7? -m)g 


- 


d/4 , d/4 


n 




dB 


dB 


7.0/Mg 


dB 


The right hand rule indicates that the current must flow [toward the left) since the magnetic field is 
into the page and the magnetic force is downward. 


77. (a) For the rod to be in equilibrium, the gravitational torque and the 

magnetic torque must be equal and opposite. Since the rod is uniform, 
the two torques can be considered to act at the same location (the center 
of mass). Therefore, components of the two forces perpendicular to the 
rod must be equal and opposite. Since the gravitational force points 
downward, its perpendicular component will point down and to the right. 
The magnetic force is perpendicular to the rod and must point towards 
the left to oppose the perpendicular component of the gravitational force. 
By the right hand rule, with a magnetic field pointing out of the page, the 



C b ) 


current must flow [downward from the pivot) to produce this force. 


We set the magnitude of the magnetic force, using Eq. 27-2, equal to the magnitude of the 
perpendicular component of the gravitational force, F ± = mg sin 9 , and solve for the magnetic 
field. 
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mg sin 0 (0.150kg)(9.80m/s 2 )sinl3° 

HB = mgsm0 -> B = - & - v ’ 


It (12 A)(l.Om) 

(c) The largest magnetic field that could be measured is when 6 = 90 
„jg- s in90° (0.1 50kg) (9. 80 m/s 2 ) sin 90° 


B = ■ 


U 


(l2A)(l.0m) 


0.12T 


0.028T 
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CHAPTER 28: Sources of Magnetic Field 
Responses to Questions 

[f] Alternating currents will have little effect on the compass needle, due to the rapid change of the 
direction of the current and of the magnetic field surrounding it. Direct currents will deflect a 
compass needle. The deflection depends on the magnitude and direction of the current and the 
distance from the current to the compass. The effect on the compass decreases with increasing 
distance from the wire. 

2. The magnetic field due to a long straight current is proportional to the current strength. The electric 
field due to a long straight line of electric charge at rest is proportional to the charge per unit length. 
Both fields are inversely proportional to the distance from the wire or line of charge. The magnetic 
field lines form concentric circles around the wire; the electric field lines are directed radially 
outward if the line of charge is positive and radially inward if the line of charge is negative. 

3. The magnetic forces exerted on one wire by the other try to align the wires. The net force on either 

wire is zero, but the net torque is not zero. 

4. Yes. Assume the upper wire is fixed in position. Since the currents in the wires are in the same 

direction, the wires will attract each other. The lower wire will be held in equilibrium if this force of 

attraction (upward) is equal in magnitude to the weight of the wire (downward). 

5. (a) The current in the lower wire is opposite in direction to the current in the upper wire. 

( b ) The upper wire can be held in equilibrium due to the balance between the magnetic force from 
the lower wire and the gravitational force. The equilibrium will be stable for small vertical 
displacements, but not for horizontal displacements. 

6. (a) Let /,=/,. <j) B • = // 0 / encl =//„(/, + /,) = 2// 0 /, 

(b) Let I 2 = -I y (J)B-</i = // 0 / ncl = //„(/, +/ 2 ) = 0 

[ 7 ] Inside the cavity B = 0 since the geometry is cylindrical and no current is enclosed. 

8. Construct a closed path similar to that shown in part (a) of the figure, such that sides ab and cd are 

perpendicular to the field lines and sides be and da lie along the field lines. Unlike part (a), the path 
will not form a rectangle; the sides ab and cd will flare outward so that side be is longer than side da 
Since the field is stronger in the region of da than it is in the region of be , but da is shorter than be, 

the contributions to the integral in Ampere’s law may cancel. Thus, ju 0 I a ncl = B ■ dl = 0 is possible 

and the field is consistent with Ampere’s law. The lines could not curve upward instead of 
downward, because then be would be shorter than da and it would not be possible for the 
contributions to sum to zero. 

9. The equation for the magnetic field strength inside a solenoid is given by B - n 0 nl. 

(a) The magnetic field strength is not affected if the diameter of the loops doubles. 

(. b ) If the spacing between the loops doubles, the number of loops per unit length decreases by a 
factor of 2, and the magnetic field strength then also decreases by a factor of 2. 
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(c) If the solenoid’s length is doubled along with the doubling of the total number of loops, then the 
number of loops per unit length remains the same, and the magnetic field strength is not 
affected. 


10. The Biot-Savart law states that the net field at a point in space is the vector sum of the field 
contributions due to each infinitesimal current element. As shown in Example 28-12, the magnetic 
field along the axis of a current loop is parallel to the axis because the perpendicular field 
contributions cancel. However, for points off the axis, the perpendicular contributions will not 
cancel. The net field for a point off the axis will be dominated by the current elements closest to it. 
For example, in Figure 28-21, the field lines inside the loop but below the axis curve downward, 
because these points in space are closer to the lower segment of the loop (where the current goes into 
the page) than they are to the upper segment (where the current comes out of the page). 

11. No. The magnetic field varies in strength and direction for points in the plane of the loop. The 
magnetic field is strongest at the center of the loop. 


12. The lead-in wires to electrical devices have currents running in opposite directions. The magnetic 
fields due to these currents are therefore also opposite in direction. If the wires are twisted together, 
then the distance from a point outside the wires to each of the individual wires is about the same, and 
the field contributions from the two wires will cancel. If the wires were not twisted and were 
separate from each other, then a point outside the wires would be a different distance from one of the 
wires than from the other, and there would be a net field due to the currents in the wires. 


13. 


14. 


The Biot-Savart law and Coulomb’s law are both inverse-square in the radius and both contain a 
proportionality constant. Coulomb’s law describes a central force; the Biot-Savart law involves a 
cross product of vectors and so cannot describe a central force. 

kef 

(a) The force between two identical electric charges is given by Coulomb’s law: F - — — . 

r~ 

Magnetic pole strength of a bar magnet could be defined using an analogous expression for the 

2 

um 

magnetic force between the poles of two identical magnets: F = Then, magnetic pole 

4 nr' 


strength, m, would be given by m = 



To determine m , place two identical magnets 


with their poles facing each other a distance r apart and measure the force between them. 
(b) The magnetic pole strength of a current loop could be defined the same way by using two 
identical current loops instead of two bar magnets. 


15. Determine the magnetic field of the Earth at one of the magnetic poles (north or south), and use 
Equation 28-7b to calculate the magnetic moment. In this equation, x will be (approximately) the 
radius of the Earth. 


16. To design a relay, place an iron rod inside a solenoid, with the 
solenoid oriented such that one end of it is facing a second iron 
rod on a pivot. The second iron rod functions as a switch for 
the large-current circuit and is normally held open by a spring. 
When current flows through the solenoid, the iron rod inside it 
becomes magnetized and attracts the second iron rod, closing 
the switch and allowing current to flow. 


solenoid 


i ////// 1 

Hh- 




jRMr-i 


iron rod on pivot 
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17. (a) The source of the kinetic energy is the attractive force produced by the magnetic field from the 

magnet acting on the magnetic moments of the atoms in the iron. 

( b ) When the block strikes the magnet, some of the kinetic energy from the block is converted into 
kinetic energy in the iron atoms in the magnet, randomizing their magnetic moments and 
decreasing the overall field produced by the magnet. Some of the kinetic energy of the block as 
a whole is also converted into the kinetic energy of the individual atoms in the block, resulting 
in an increase in thermal energy. 

18. No, a magnet with a steady field will only attract objects made of ferromagnetic materials. 

Aluminum is not ferromagnetic, so the magnetic field of the magnet will not cause the aluminum to 
become a temporary magnet and therefore there will be no attractive force. Iron is ferromagnetic, so 
in the presence of a magnet, the domains in a piece of iron will align such that it will be attracted to 
the magnet. 

19. An unmagnetized nail has randomly oriented domains and will not generate an external magnetic 
field. Therefore, it will not attract an unmagnitized paper clip, which also has randomly oriented 
domains. When one end of the nail is in contact with a magnet, some of the domains in the nail align, 
producing an external magnetic field and turning the nail into a magnet. The magnetic nail will cause 
some of the domains in the paper clip to align, and it will be attracted to the nail. 

20. Yes, an iron rod can attract a magnet and a magnet can attract an iron rod. Consider Newton’s third 
law. If object A attracts object B then object B attracts object A. 

21. Domains in ferromagnetic materials in molten form were aligned by the Earth’s magnetic field and 
then fixed in place as the material cooled. 

22. Yes. When a magnet is brought near an unmagnetized piece of iron, the magnet’s field causes a 
temporary alignment of the domains of the iron. If the magnet’s north pole is brought near the iron, 
then the domains align such that the temporary south pole of the iron is facing the magnet, and if the 
magnet’s south pole is closest to the iron, then the alignment will be the opposite. In either case, the 
magnet and the iron will attract each other. 

23. The two rods that have ends that repel each other will be the magnets. The unmagnetized rod will be 
attracted to both ends of the magnetized rods. 

24. No. If they were both magnets, then they would repel one another when they were placed with like 
poles facing each other. However, if one is a magnet and the other isn’t, they will attract each other 
no matter which ends are placed together. The magnet will cause an alignment of the domains of the 
non-magnet, causing an attraction. 

25. (a) The magnetization curve for a paramagnetic substance is a straight line with slope slightly 

greater than 1. It passes through the origin; there is no hysteresis. 

(b) The magnetization curve for a diamagnetic substance is a straight line with slope slightly less 
than 1. It passes through the origin; there is no hysteresis. 

The magnetization curve for a ferromagnetic substance is a hysteresis curve (see Figure 28-29). 

26. (a) Yes. Diamagnetism is present in all materials but in materials that are also paramagnetic or 

ferromagnetic, its effects will not be noticeable. 

(b) No. Paramagnetic materials are nonferromagnetic materials with a relative permeability greater 
than one. 

(c) No. Ferromagnetic materials are those that can be magnetized by alignment of their domains. 
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Solutions to Problems 


[l] We assume the jumper cable is a long straight wire, and use Eq. 28- 1 . 


B ,, = 


Mo I (4/z-xl(T 6 7 T.m/A)(65A) 


2rcr 


2/r(0.035m) 


= 3.714 x MPT* 


3.7 x 10 T 


Compare this to the Earth’s field of 0.5 x 10 4 T . 


3 714 x 1 0~ ^ T 

^cabie/^Earth = ; — = 7.43 , so | the field of the cable is over 7 times that of the Earth. 


5.0x10 5 T 


2. We assume that the wire is long and straight, and use Eq. 28-1. 


B 


Bp I 
2nr 


2 7 rrB wiie 2 n (0. 15 m) (0.50 x 10 ^t) 
Li., 4;rxlO~ 7 T»m/A 


: 37.5 A ! 


38 A 


3. Since the currents are parallel, the force on each wire will be attractive, toward the other wire. Use 
Eq. 28-2 to calculate the magnitude of the force. 

Mo IJ 2 _ £ = (4;rxlO- 7 T.m/A) (35A) 2 


K =■ 


2 n d 


2 n 


(0.040 m) 


(25 m) = 0. 1 5 N, attractive 


4. Since the force is attractive, the currents must be in the same direction, so the current in the second 
wire must also be upward. Use Eq. 28-2 to calculate the magnitude of the second current. 

Mi, ‘\‘ 2 £ 


u =- 


2 n d 


I 2n F 2 d 


2n 


9.8 A upward 


-(7.8 x lO^ 4 N/m) Q - Q70m = 9.75 A = 

* Mo 7 i 4^xlO _7 T.m/A v ’ 28 A 

5. To find the direction, draw a radius line from the wire to the field point. -4 • 

Then at the field point, draw a perpendicular to the radius line, directed so 
that the perpendicular line would be part of a counterclockwise circle. 

'® 


\, 

A 


6. For the experiment to be accurate to ±2.0% , the magnetic field due to the current in the cable must 

be less than or equal to 2.0% of the Earth’s magnetic field. Use Eq. 28-1 to calculate the magnetic 
field due to the current in the cable. 


B 


Mo I 
2nr 


< 0.0205 c 


2^(0.020^) 2^(l.00m)(0.020)(0.5xlQ- 4 T) 

ll \n x 10~ 7 T»m/A 


Thus the maximum allowable current is 5.0A 
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[ 7 ] Since the magnetic field from a current carrying wire circles the 
wire, the individual field at point P from each wire is perpendicular 
to the radial line from that wire to point P. We define B as the 
field from the top wire, and B, as the field from the bottom wire. 
We use Eq. 28-1 to calculate the magnitude of each individual 
field. 

n I (4^ x 1(T 7 T*m/A)(35 A) 

B, = = 2 '—!± = 1.17 x 10 T 


2nr. 


2^(0. 060m) 


u I (4/rxlO- 7 T.m/A)(35A) 

B, = 2-°— = = 7.00 x 1CT 5 T 

2nr 2 2n (0.1 00 m) 

We use the law of cosines to determine the angle that the radial 
line from each wire to point P makes with the vertical. Since the field is perpendicular to the radial 
line, this is the same angle that the magnetic fields make with the horizontal. 



9 X = cos 


0 2 - cos 


(0.060 m) 2 + (0.130 m) 2 - (0.100 m) 
2(0.060 m)(0.130m) 

(0.100 m) 2 +(0.130 m) 2 -(0.060 m) 


2 v 


= 47.7° 


= 26.3° 


2(0.100 m)(0.130m) 

Using the magnitudes and angles of each magnetic field we calculate the horizontal and vertical 
components, add the vectors, and calculate the resultant magnetic field and angle. 

B n etx = B X cos(O t )-B 2 cos 9 2 = (1.174 xKT 4 t)cos 47.7° -(7.00 x KT 5 t)cos 26.3° =1.626 xl(T s T 

B netv =B l sm(0 x ) + B 2 sm0 l =(l.l7xl(T 4 T)sin47.7 0 +(7.00xl(T s T)sin26.3 o =1.18xl0^T 
B = pLs + Bl' y =^/(l.626xl0- 5 t) 2 +(l.l8xl0“ 4 t) 2 = 1.19x10^ 


9 = tan 1 net ’ y = tan 


B 


net,y 


B = 1 . 1 9 x 1 0 4 T 1 


_! 1.18 X 10 4 T 
1.626 xl0“ 5 T 

82.2° 


= 82.2° 


1.2x10 4 T@, 82° 


At the location of the compass, the magnetic field caused by the wire will point to 
the west, and the Earth’s magnetic field points due North. The compass needle 
will point in the direction of the NET magnetic field. 

A/ 


B = 


Inr 


(4^ x 10~ 7 T»m/A)(43 A) 
v ' v - = 4.78x10 T 


2;r(0.18m) 



9 = tan -1 = tan -‘ 
B 


4.5 x 10 T 
4.78 x 10~ 5 T 


43°N of W 


9. The magnetic field due to the long horizontal wire points straight up at the 
point in question, and its magnitude is given by Eq. 28-1. The two fields are 
oriented as shown in the diagram. The net field is the vector sum of the two 
fields. 


B = 




/ [\n x 10” 7 T*m/A)(24.0A) 


2 nr 


2;r(0.200m) 


= 2.40 x 10~ 5 T 


B 
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Aarti =5.0x10 T 


Aet* = cos44° = 3.60 x 10~ 5 T 


B„=B -B vm sin 44° = -1.07xl(TT 

net_y wire Earth 


B 


: s\Bl x + Bl y = 7(3-60 x 1(T 5 t) 2 + (-1.07 x 1CT 5 t) 2 


3.8 x 10 T 


, B , 

0 = tan 1 net> ' 


: tan 


B... 


-1.07xlQ" s T 
3.60x10 5 T 


17° below the horizontal 


10. The stream of protons constitutes a current, whose magnitude is found by multiplying the proton rate 
times the charge of a proton. Then use Eq. 28-1 to calculate the magnetic field. 

ju 0 I (Aji x 1 (T 7 T*m/ A) (2.5 x 1 0 9 protons/ s) (l .60 x 1CT 19 C/ proton) 


S = 

stream 


2 nr 


2n (2.0 m) 


4.0x10 T 


11. (a) If the currents are in the same direction, the magnetic fields at the midpoint between the two 
currents will oppose each other, and so their magnitudes should be subtracted. 


B . = 


A 


A M _(4^xlO- 7 T.m/A) 


2;z?; 2 nr 2 


(/ -25A) = (2.0 x 1(T 5 T/a)(/ - 25 A) 


2;r(0.010m) 

( b ) If the currents are in the opposite direction, the magnetic fields at the midpoint between the two 
currents will reinforce each other, and so their magnitudes should be added. 


B . = 


A/i , M (4^xlQ- 7 T.m/A ) 
2/r(0.010m) 


2m\ 2 nr 2 


(/ + 25A) = (2.0 x 10 -5 T/a)(/ + 25 A) 


12. Using the right- hand-rule we see that if the currents flow in the same direction, the magnetic fields 
will oppose each other between the wires, and therefore can equal zero at a given point. Set the sum 
of the magnetic fields from the two wires equal to zero at the point 2.2 cm from the first wire and use 
Eq. 28-1 to solve for the unknown current. 


B = 0 = 


AoT Ao '2 


f \ 


2 m\ 2 nr 2 


h~ 


A = 


^6.0cm-2.2cm^ 

2.2cm 


(2.0 A) = 


3.5 A 


13. Use the right hand rule to determine the direction of the magnetic field 
from each wire. Remembering that the magnetic field is inversely 
proportional to the distance from the wire, qualitatively add the magnetic 
field vectors. The magnetic field at point #2 is zero. 




ZU = 0 


\ 


B, 


B a 


b 5 


/T 


IQ 


/ 


FF 


14. The fields created by the two wires will oppose each other, so the net field is the difference of the 
magnitudes of the two fields. The positive direction for the fields is taken to be into the paper, and 
so the closer wire creates a field in the positive direction, and the farther wire creates a field in the 
negative direction. Let d be the separation distance of the wires. 

B =- 


1 — 1 

1 

1 — t 
1 — 1 

r 1 1 / 

M 0 I 

r 1 1 ^ 

2 nr, 2 nn 2 n 

closer tarther 

V ^closer ^farther y 

In 

K t'-\d r + \dj 
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Ac/ I 


d 


2n y(r -fd)(r + fd) J 
(An x 10~ 7 T.m/A)(28.0A) 

' 0.0028 m " 

2n 

v (0. 10 m- 0.0014 m)(0. 10 m + 0.0014 m) y 

= 1.568 x 10~ 6 T» 1.6 x lO^T 

Compare this to the Earth’s field of 0.5 x 10 4 T . 

, 1.568 xl0"T 

B J B. rl , = , =0.031 

net / Earth r\ c i f\~ 4 m 

0.5x10 T 

The field of the wires is about 3% that of the Earth. 


15. The center of the third wire is 5.6 mm from the left wire, and 2.8 mm from the right wire. The force 
on the near (right) wire will attract the near wire, since the currents are in the same direction. The 
force on the far (left) wire will repel the far wire, since the currents oppose each other. Use Eq. 28-2 
to calculate the force per unit length. 


F = 


i 


-» 


F 


Po 

2n d 


ju 0 /,/ 2 An x 1(T 7 T»m/A (25.0A)(28.0A) 




In d 

nt 

Po //> 
2 n d,. 


2 n 


2.8 x 10~ 3 m 


0.050N/m, attractive 


-> 


F r 


ju 0 /,/ 2 _ 4nx 10~ 7 T»m/A (25.0A)(28.0A) 


2 n d e 


2 n 


5.6 x 10 m 


0.025 N/m , repelling 


16. (a) We assume that the power line is long and straight, and use Eq. 28-1. 

Mo I _(4;rxlO- 7 T.m/A)(95A) 


B i™ = 


2nr 


2n(8. 5m) 


■ = 2.235 xlO^T; 


2.2x10 T 


The direction at the ground, from the right hand rule, is |south| . Compare this to the Earth’s field 
of 0.5 xlO 4 T, which points approximately north. 




2.235x10 T 
0.5xl0~ 4 T 


= 0.0447 


The field of the cable is about 4% that of the Earth. 


(. b ) We solve for the distance where B - B E 


juJ 

B v = — = B r 

line r. Earth 

2 nr 


— > r = - 


Mo I ^4n x 10 7 T*m/A)(95A) 


= 0.38 m ; 


0.4 m 


2 nJJ^ 2^(0.5xl0- 4 T) 

So about 0.4 m below the wire, the net B-field would be 0, assuming the Earth’s field points 
straight north at this location. 
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17. 


The Earth’s magnetic field is present at both locations in the problem, and we 
assume it is the same at both locations. The field east of a vertical wire must be 
pointing either due north or due south. The compass shows the direction of the net 
magnetic field, and it changes from 28° E of N to 55° E of N when taken inside. 
That is a “southerly” change (rather than a “northerly” change), and so the field 
due to the wire must be pointing due south. See the diagram. For the angles, 

0 - 28°, 0 + (/) = 55°, and f3 + 0 + </> - 1 80° and so </> = 27° and /? = 125° . Use 

the law of sines to find the magnitude of B wire , and then use Eq. 28-1 to find the 


magnitude of the current. 
B B 


sin (/) sin/? 

sin</ 2k 


-> B^_=B V 


sm< 


/ = B, 


sin/? Mo 


r = (5.0 x 1 0 5 T ) 


= Mo_l 

sin P 2k r 

sin 27° 


2k 


sinl25° 4/rxlO 7 T«m/A 


(0.120 m) = 


17A 


Since the field due to the wire is due south, the current in the wire must be | down 



18. The magnetic field at the loop due to the long wire is into the page, and can be calculated by Eq. 28- 
1 . The force on the segment of the loop closest to the wire is towards the wire, since the currents are 
in the same direction. The force on the segment of the loop farthest from the wire is away from the 
wire, since the currents are in the opposite direction. 


Because the magnetic field varies with distance, it is more difficult to calculate the total force on the 
left and right segments of the loop. Using the right hand rule, the force on each small piece of the 
left segment of wire is to the left, and the force on each small piece of the right segment of wire is to 
the right. If left and right small pieces are chosen that are equidistant from the long wire, the net 
force on those two small pieces is zero. Thus the total force on the left and right segments of wire is 
zero, and so only the parallel segments need to be considered in the calculation. Use Eq. 28-2. 


F =F - F = 

net near tar r\ 1 tv 

2k 


/flAo =A//£ 

far _ 12 


f 


2 K d c . 


4k x 10 T*m/A 
2k 


(3.5 A) 2 (0.100m) 


2k 


1 


V ^ near ^ far J 


1 


0.030 m 0.080 m 


5.1 x 10 N, towards wire 


19 


The left wire will cause a field on the x axis that points in the y direction, and the right wire will 
cause a field on the x axis that points in the negative y direction. The distance from the left wire to a 
point on the x axis is x, and the distance from the right wire is d - x . 


B 


net 


bJ . mJ 

2k x 2 k ( d - x) 


j = 


bJ 

(1 1 ] 

j 


Bo 1 

d - 2x ^ 

j 

2k 

V X d—Xy 


2k 

K x[d -x) j 


20. The left wire will cause a field on the x axis that points in the negative y direction, and the right wire 
will also cause a field on the x axis that points in the negative y direction. The distance from the left 
wire to a point on the x axis is x, and the distance from the right wire is d -x . 

g A, ( 2/ ) ■ B,J 
" ct 2 kx 2 K(d-x) 


J = 


BpI 

2k 


1 z 


V x d -x J 
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21 . 


The magnetic fields created by the individual currents will be at right angles to each other. The field 
due to the top wire will be to the right, and the field due to the bottom wire will be out of the page. 
Since they are at right angles, the net field is the hypotenuse of the two individual fields. 


B . = 


f r V 

top 

V 2 ^op J 


+ 


M. 


V ^^bottom J 


_Bo_ 

2nr 




An x 10 7 T»m/A 
2;r(0.100m) 


(20.0A) 2 +(12.0A) 2 


4.66 x 10~ 5 T 


22. The net magnetic field is the vector sum of the magnetic fields 
produced by each current carrying wire. Since the individual 
magnetic fields encircle the wire producing it, the field is 
perpendicular to the radial line from the wire to point P. We let 
B, be the field from the left wire, and B, designate the field 
from the right wire. The magnitude of the magnetic field 
vectors is calculated from Eq. 28-1. 

H o I {Ax x HT 7 T*m/A)(l6.5 A) 



13.0 cm 


*> = 


b 2 = 


2 nr. 


2;r(0.12m) 


= 2.7500x10 3 T 


u I (4;rxlO~ 7 T.m/A)(l6.5A) 

’ = 2.5385 x 10 T 



8.20 cm 



27H\ 


2;r(0.13m) 

We use the law of cosines to determine the angle that the radial line from each wire to point P makes 
with the horizontal. Since the magnetic fields are perpendicular to the radial lines, these angles are 
the same as the angles the magnetic fields make with the vertical. 


9 { = cos 


9 2 = cos 


(0.12 m) 2 + (0.082 m) 2 -(0.13 m) 
2(0.12 m)(0.082 m) 

(0.13 m) 2 + (0.082 m) 2 -(0.12 m) 


2 V 


= 77.606° 


= 64.364° 


2(0.13 m)(0.082 m) 

Using the magnitudes and angles of each magnetic field we calculate the horizontal and vertical 
components, add the vectors, and calculate the resultant magnetic field and angle. 

B mx =-5,sin(6>)-£ 2 sin<9 2 = -(2.7500 x 10“ 5 T)sin77.606° - (2.5385 x 10~ 5 T)sin 64.364° 

= -49.75 xlO _6 T 

B nety = B { cos(6>) - B 2 cos 6> = (2.7500 x 10" 5 t)cos 77.606° -(2.5385 x 10“ 5 t)cos64.364° 

= -5.080 x10‘ 6 T 

B - pL, + Bl euy = ^(-49.75 x IQ' 6 T) 2 + (-5.080 x 10‘ 6 T) 2 =5.00 x10- 5 T 


9 = tan 1 neUy - tan 


B 


net,y 


-5.08x10 T 
-49.75x1 0' 6 T 


= 5.83° 


B = 5.00x10 5 T @5.83° below the negative x-axis 
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23. (a) 


The net magnetic field a point y above the center of 
the strip can be found by dividing the strip into 
infinitely thin wires and integrating the field 
contribution from each wire. Since the point is directly 
above the center of the strip, we see that the vertical 
contributions to the magnetic field from symmetric 
points on either side of the center cancel out. Therefore, 
we only need to integrate the horizontal component of 
the magnetic field. We use Eq. 28-1 for the magnitude 
of the magnetic field, with the current given by 

dl - —dx. 
d 


✓ 

L & 

\ 

\ r=\x l + v 2 

| X X X 

X 

X 

X 

* 

d 

*-H h - dx 



H 0 sin 6 
2nr 


dl = 


\ d 

jU 0 I r dx 
d-^d -i d sjx 2 + y 2 


f \ 

y 

K sjx 2 +y 2 y 


±d 

Mofy V dx 

2n d \ d x 2 + y 2 

2 


Mjy 1 tan -, x 

dll 

Mo 1 . -1 

— 1 — tan 

f d^i 

2nd y y 

-dll 

nd 

U yJ 


(b) In the limit of large y, tan 1 d / 2y « d / 2 y. 


B =^tan 

( d 'l 

Mod d 

Mo 1 

nd 

UtJ 

nd 2 y 

2 ny 


This is the same as the magnetic field for a long wire. 


24. We break the current loop into the three branches of the triangle and add the forces from each of the 
three branches. The current in the parallel branch flows in the same direction as the long straight 
wire, so the force is attractive with magnitude given by Eq. 28-2. 

2nd 

By symmetry the magnetic force for the other two segments will be equal. These two wires can be 
broken down into infinitesimal segments, each with horizontal length dx. The net force is found by 
integrating Eq. 28-2 over the side of the triangle. We set x=0 at the left end of the left leg. The 

distance of a line segment to the wire is then given by r - d + V3x . Since the current in these 
segments flows opposite the direction of the current in the long wire, the force will be repulsive. 


f 2 = 


MqU' 


-dx - 


Mo II' 


ln(y + V3xj 


Modi' 

2nsl3 


In 


1 + 


V3 a 
~2A 


2n(d + s[2x) 2nji 
We calculate the net force by summing the forces from the three segments. 

Modi' 


F = F. -2F 2 =?^-a-2 

2nd 2/rv3 


In 


L + ^ a ) 


Modi' 

a , 

In 

fi + ^l 

[ + 2d) 


n 

2d 3 

l + 2d JJ 


£5 


Else Eq. 28-4 for the field inside a solenoid. 

jU o IN Bl (0.385 x 1 (T 3 t) ( 0.400 m) 

£ Mo N (4;r x 1(T 7 T»m/A)(765) 


0.160A 
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26. The field inside a solenoid is given by Eq. 28-4. 
-> N = 


b = PJN v (0.30T)(0.32 m) 


£ jti 0 I (4;rxl0 7 T* m/A)(4.5A) 

27. (a) We use Eq. 28-1, with r equal to the radius of the wire. 
B El (4^10-’T-m/A)(33A) 


1.7 x 10 4 turns 


2 nr 


2;r(l.25 x 10 3 

m ) 


( b ) We use the results of Example 28-6, for points inside the wire. Note that r = (1.25 - 0.50)mm 
= 0.75 mm . 


B = 


Mo Ir [An x 10^ 7 T«m/A)(33A)(0.75 x 10~ 3 m) 


2nR 2 


3.2 mT 


2tt (l .25 x 10~ 3 m) 

(c) We use Eq. 28- 1 , with r equal to the distance from the center of the wire. 
Mo I (4^-xlO' 7 T-m/A)(33 A) 


B = 


2 nr 2/r(l.25xl0 3 m + 2.5xl0 3 m) 


1.8 mT 


28. We use the results of Example 28-10 to find the maximum and minimum fields. 
B (4*xl0-’T-m/A)(687)(25.0A) ^ ^ 


2nr m 


2n(0.270 m) 


B (4^xl0-’T-m/A)(687)(25.0A) ^ 


2/rr 


2/r(0.250 m) 


12.7 mT < B <13.7 mT 


29. (a) The copper wire is being wound about an average 
diameter that is approximately equal to the outside 
diameter of the solenoid minus the diameter of the wire, or 
D-d. See the (not to scale) end-view diagram. The 
length of each wrapping is n(D-d). We divide the 

length of the wire L by the length of a single winding to 
determine the number of loops. The length of the solenoid 
is the number of loops multiplied by the outer diameter of 
the wire, d. 


l = d- 


( D-d ) 


n 


(2.00 x 10“ 3 m) — 
n 


20.0m 



2.50 x 10 _2 m- (2.00 x 1 0 3 m)~ 


0.554m 


(. b ) The field inside the solenoid is found using Eq. 28-4. Since the coils are wound closely 
together, the number of turns per unit length is equal to the reciprocal of the wire diameter. 
L 

_ # turns _ n[D-d ) _ H/d _ 1 

n ~ £ " £ ~~f~~d 

^(4^x10- WA)0A7A) 
d 2.00 x 10 -3 m 


10.5mT 
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30. 


(a) 


C b ) 
(c) 


The magnitude of the magnetic field from each wire is found using Eq. 28-1. The direction of 
the magnetic field is perpendicular to the radial vector from the current to the point of interest. 
Since the currents are both coming out of the page, the magnetic fields will point 
counterclockwise from the radial line. The total magnetic field is the vector sum of the 
individual fields. 


B = Bj + B 2 


(-sin #,i + cosffjW ^ (~sin# 2 i + cos# 2 j 
2 nr x v ’ 2nr 2 v 


Mo[_ 

2k 


sin 6 , sin 6 , 


i + 


COS# 


- + 


This equation for the magnetic field shows 
that the x-component of the magnetic field 
is symmetric and the y-componcnt is anti- 
symmetric about 6= 90°. 

See sketch. 

The two diagrams are similar in shape, as 
both form loops around the central axes. 
However, the magnetic field lines form a 
vector field, showing the direction, not 
necessarily the magnitude of the magnetic 
field. The equipotential lines are from a 
scalar field showing the points of constant 
magnitude. The equipotential lines do not 
have an associated direction. 


cos#, 


j 



31. 


Because of the cylindrical symmetry, the magnetic fields will be 
circular. In each case, we can determine the magnetic field using 
Ampere’s law with concentric loops. The current densities in the wires 
are given by the total current divided by the cross-sectional area. 
j = 1° j = 1° 

mner kR; ou,er k(r 2 -R 2 ) 


(a) Inside the inner wire the enclosed current is determined by the 
current density of the inner wire. 

§B-ds= p 0 I sncl = //„ (j mmr 7iR 2 ) 



0 b ) 
(c) 


B{2kR ) = 

kk x 

Between the wires the current enclosed is the current on the inner wire. 
(j)B-#5 =//(/ e „ cl -> 5 (2^) = Ao / o -> 


g _ FqIq 
2 kR 


B _ MqIqR 
2k Rf 


Inside the outer wire the current enclosed is the current from the inner wire and a portion of the 
current from the outer wire. 


j)B-ds = /u ( j aKl = u t [r () +J 0 


,,K 


B(2.Kr ) = ju 0 


w 0 


k(r 2 -RI) 


(r 2 -r 2 2 


B = 


)] 

2 kR (R 2 -R 2 ) 
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(d) 


Outside the outer wire the net current enclosed is zero. 


C)B - ds - // 0 / encl = 0 — > B(2kR) = 0 — » 


B = 0 


( e ) See the adjacent graph. The 

spreadsheet used for this problem 
can be found on the Media 
Manager, with filename 
“PSE4_1SM_CH28.XLS,” on tab 
“Problem 28.3 le.” 



32. We first find the constants C/ and C 2 by integrating the currents over each cylinder and setting the 
integral equal to the total current. 

^1 ^1 rs or 

7 0 = | C i R27tRdR - 2nC x J R 2 dR — —kR^C^ C, = 


3 ry 

7 0 =2rcC 2 \R 1 dR = -rc(Rl-Rl)C 1 C, 


2kR: 
-3 L 




(a) Inside the inner wire the enclosed current is determined by integrating the current density inside 
the radius R. 


= A/ en ci = Boj (C\R')2xR'dR' = ^ n 0 nC x R 3 = ^ 




3/p 

2kR\ 


R 5 


B(27tR) = ju 0 ^ 

7lK x 

B • <7? = //(/end 


R = 


PohR- 


2kR\ 


(b) Between the wires the current enclosed is the current on the inner wire. 

B(2xR) = jU 0 I 0 - 


B = 


Boh 


2nR 


(c) Inside the outer wire the current enclosed is the current from the inner wire and a portion of the 
current from the outer wire. 

cj) B ■ ds = // ( , / cnc | = jU 0 I 0 + 1 (C 2 R)27tRdR = //„ I 0 + J ( C 2 R)2/rRdK 


' Boh 


B(2xr) = ju 0 l 0 


\-^c 2 (r 3 -ri) 


Bo 


h- 


{ R3 - R 2) 

( R !- R 2) 


(r!-r 3 2 ) (r 3 -r 3 ) 


-» 


(ih-ih) (jh-zh) 

(i d) Outside the outer wire the net current enclosed is zero. 

B ■ ds — Rohnci ~~ ^ -> B[2nR) = 0 -» |l = 0 


E _ Boh 

{R\-R 3 ) 

2nR 
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33. Use Eq. 28-7b to write a ratio of the magnetic fields at the surface of the earth and 13,000 km above 
the surface. Use the resulting ratio to determine the magnetic field above the surface. 

ffgjf 

B 1 _ 2 n x\ x, 3 „ x, 3 

B x Mo M x; x; 

2 n Xj 3 


-> 5 2 =5,^V=(i.0x10 _4 t) 

xt x, v ' 


f 6.38xl0 3 km ' 

j 


[ 19.38 xl0 3 km J 


3.6 x 10“ 6 T 




34. Since the point C is along the line of the two straight segments of the current, 
these segments do not contribute to the magnetic field at C. We calculate the 
magnetic field by integrating Eq. 28-5 along the two curved segments. Along 
each integration the line segment is perpendicular to the radial vector and the 
radial distance is constant. 

s = + m f dfi = -JifiLs + «fi\ d S 

J R 2 Awl ? 2 J ArrJ ? 2 J 


An 




An 


R,B 


AnR[ 


An If 


r,b 


Mn 10 j; Mj° 
AnR x AnR 2 


Mo ie \ 

(r 2 -rA 

c 

An 

v j 

IX 



35. 


Since the current in the two straight segments flows radially toward and away from the center of the 
loop, they do not contribute to the magnetic field at the center. We calculate the magnetic field by 
integrating Eq. 28-5 along the two curved segments. Along each integration segment, the current is 
perpendicular to the radial vector and the radial distance is constant. By the right-hand-rule the 
magnetic field from the upper portion will point into the page and the magnetic field from the lower 
portion will point out of the page. 


_ Mo^i 

An 


1 

upper 




Ao(^) 

AnR 2 


k (W 2 ) 


-^-£(0.357-0.65/) = - 
AR v ’ A0R 


36. We assume that the inner loop is sufficiently small that the magnetic field from the 
larger loop can be considered to be constant across the surface of the smaller loop. 
The field at the center of the larger loop is illustrated in Example 28-12. Use Eq. 27- 
10 to calculate the magnetic moment of the small loop, and Eq. 27-11 to calculate the 
torque. 

B _ MoL\ p = /A = InRl\ 

2 R 


f = jixB = InR; j x^-i = - /J ° 7rI Rl k 
- 2 R 2 R 

[An x 10“ 7 T-m/A)^(7.0 A) 2 (0.018 m) 2 
2(0.25 m) 


k = 


-1.3 x 10 7 k m*N 



37 


This torque would cause the inner loop to rotate into the same plane as 
currents flowing in the same direction. 

(a) The magnetic field at point C can be obtained using the Biot- 

Savart law (Eq. 28-5, integrated over the current). First break the 
loop into four sections: 1) the upper semi-circle, 2) the lower 
semi-circle, 3) the right straight segment, and 4) the left straight 
segment. The two straight segments do not contribute to the 
magnetic field as the point C is in the same direction that the 


the outer loop with the 
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current is flowing. Therefore, along these segments f and d i are parallel and dl x f = 0 . For 
the upper segment, each infinitesimal line segment is perpendicular to the constant magnitude 
radial vector, so the magnetic field points downward with constant magnitude. 


B 


=1 


Mo 1 dl x r _ /j 0 I -k j _ /u 0 I ~ 


Art r An R{ v 17 4 R x 

Along the lower segment, each infinitesimal line segment is also perpendicular to the constant 
radial vector. 


(b) 


B 


■ ju 0 I dlxf 
An r 2 




An R 


AR , 


Adding the two contributions yields the total magnetic field. 


B = B + B, 

upper lower 


-«A 

4R, 



_Mo I 

r i + n 

k 

ar 2 

A 

K R l R 2 ) 



The magnetic moment is the product of the area and the current. The area is the sum of the two 
half circles. By the right-hand-rule, curling your fingers in the direction of the current, the 
thumb points into the page, so the magnetic moment is in the -k direction. 


( nR, 2 nR; ^ 




Ik = 

(R; +R;)k 

2 2 

V A ^ ) 


2 \ 1 2 ) 


38. Treat the moving point charge as a small current segment. We can write the 

product of the charge and velocity as the product of a current and current segment. 
Inserting these into the Biot-Savart law gives us the magnetic field at point P. 

q y =q ^L^di=m 

dt dt 


= ju 0 I dlxf fj q\ x f 

D = “ “ 


An 


An 


ju 0 qyx r 


An 



39. (a) The disk can be broken down into a series of infinitesimal thick rings. 
As the charge in each of these rings rotates it produces a current of 
magnitude dl - (o)!2n)dq , where dq is the surface charge density 

multiplied by the area of the ring. We use Eq. 27-10 to calculate the 
magnetic dipole moment of each current loop and integrate the dipole 
moments to obtain the total magnetic dipole moment. 

f/p = dIA - [ -=—-2nrdr — \ ( nr 1 ) = Q—^-r'dri 
l nR 2 2n r ’ »~ 


R 





QwR 2 ; 

J R 2 

o 

4 



X 


(b) 


To find the magnetic field a distance x along the axis of the disk, we again consider the disk as a 
series of concentric currents. We use the results of Example 28-12 to determine the magnetic 
field from each current loop in the disk, and then integrate to obtain the total magnetic field. 

Mi/ 1 _ dI= _ ur Q(o 


f/B = - 


2 (r 2 +x 2 ) 2 2 (r 2 +x 2 ) 


nR 


-rdr 
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B 


2 nR 2 


ju 0 Qa)\(r 2 +2x 2 ) 


? — ydr — 2 

o(r 2 +x 2 ) 2 sjr 2 +x~ 


B 0 Qcoi 

~{r 2 + 2x 2 ) 

v / 1v 

2 nR 2 

i w 

sJr 2 +x 2 


(c) When we take the limit x » R our equation reduces to Eq. 28-7b. 


B 


ju 0 Qcoi 


2 nR 2 


2x 


1 + 


R 

2 ? 


2 A 


R 2 3 R 4 
2x 2 8x 4 


-2jc 


ju 0 Qcoi 


2 nR 2 


f R 


Bo P 

l Ax') 


2 n x 3 


40. ( a ) Choose the y axis along the wire and the x axis passing from the 
center of the wire through the point P. With this definition we 
calculate the magnetic field at P by integrating Eq. 28-5 over the 
length of the wire. The origin is at the center of the wire. 

• ju 0 I dlxr _ p ju 0 I dlxr _ jU 0 I 2 r dy\ x (^i - kj) 


B 


=1 


An 

r 2 

1 An r 3 

An l (R 2 + y 2 ) m 

Bo 1R 

¥ 

k f 

dy 



An 

k j 

-¥ 

[R 2 + y 2 f 2 

d/2 


Bo IR 

\r 

y 


Bo 1 d y 

An 

R 2 

(R 2 + y 2 )' 2 

-d/2 

2 nR [AR 2 +d 2 ) V2 


( b ) If we take the limit as d — » <x> , this equation reduces to Eq. 28-1. 

( \ 


B - lim 

d—> oo 


Bo 1 


d 


2nR 


(4 R 2 + d 2 )' 2 


Bo 1 
2 nR 



41. (a) The magnetic field at point Q can be obtained by integrating Eq. 28-5 over 
the length of the wire. In this case, each infinitesimal current segment df is 
parallel to the x axis, as is each radial vector. Since the magnetic field is 
proportional to the cross-product of the current segment and the radial 
vector, each segment contributes zero field. Thus the magnetic field at point 


Q is zero. 


0 b ) 


The magnetic field at point P is found by integrating Eq. 28-5 over the 
length of the current segment. 

Bo 1 f ^ x (-^ + fj) 

An 


B 


=1 


B 0 I di 


x r 


An 


=1 


BqI d£ 


xr 


Bofy 


An 


(x 2 +y 2 ) 


An 





Bofy j 
An 


y 


(x 2 +y 2 ) 1 


0 

Bo 1 d « 

-d 

4 *y(y 2 + d 2 ) U2 


l 2 2\ 3/2 

[x +y j 


42. We treat the loop as consisting of 5 segments, The first has length d, 
is located a distance d to the left of point P, and has current flowing 
toward the right. The second has length d, is located a distance 2d to 
left of point P, and has current flowing upward. The third has length 
d, is located a distance d to the left of point P, and has current 
flowing downward. The fourth has length 2d, is located a distance d 
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below point P, and has current flowing toward the left. Note that the fourth segment is twice as long 
as the actual fourth current. We therefore add a fifth line segment of length d, located a distance d 
below point P with current flowing to the right. This fifth current segment cancels the added portion, 
but allows us to use the results of Problem 41 in solving this problem. Note that the first line points 
radially toward point P, and therefore by Problem 4 1 (a) does not contribute to the net magnetic field. 
We add the contributions from the other four segments, with the contribution in the positive z- 
direction if the current in the segment appears to flows counterclockwise around the point P. 

B = B, + B 3 + B 4 + B 5 

it , PqI d_ jt _ P()I 2c/ ~ fu 0 I c/ ~ 

4^ (d 2 + d 2 )‘ /2 4 nd + 4d > ) 1/2 4 xd^+tf ) 1/2 


/V 


An 


{2d) {Ad 2 + d 



43. 


(a) 


The angle subtended by one side of a polygon, 6, from the 
center point P is 2n divided by the number of sides, n. The 
length of the side L and the distance from the point to the 
center of the side, D, are obtained from trigonometric relations. 
L = 2R sin {d 12) = 2Rsm[n / n) 

D - Rcos (0/2) = Rcos(nln') 

The magnetic field contribution from each side can be found 
using the result of Problem 40. 



ju 0 l L _ jUqI 2Rsm(n/n) 

2 nD (L 2 + AD 2 f " 2n{Rcos{nln)) +4 ( i?cos (^ / „)) 2 ) i 


(b) 


= -^-tan(nln) 

2nR V ’ 

The contributions from each segment add, so the total magnetic field is n times the field from 
one side. 

5 ,otal =7^- tan (^ / «) 

In the limit of large n, n In , becomes very small, so tan(W«) « n In . 


B 


total 


jU ( ) In n 
2nR n 


Bo 1 
2 R 


This is the magnetic field at the center of a circle. 


44. The equation derived in Eq. 28-12 gives the magnetic field 
a distance x from a single loop. We expand this single loop 
to the field of an infinite solenoid by multiplying the field 
from a single loop by n dx, the density of loops times the 
infinitesimal thickness, and integrating over all values of x. 
Use the table in Appendix B-4 to evaluate the integral. 





ju 0 IR 2 ndx 
2 {R 2 +x 2 f 


ju 0 IR 2 n r dx 

2 I(/? 2 +x 2 ) f 


jti 0 lR 2 n 


R 2 {R 2 +x 2 f 
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45. 


To find the magnetic field at point (x,y) we break each current segment 
into two segments and sum fields from each of the eight segments to 
determine the magnetic field at the center. We use the results of Problem 
4 1 (b) to calculate the magnetic field of each segment. 
p_ M/ x f M 0 I ib-x) f 
4 *y + x 2 ) 112 471 y (y 2 + (b- xf )‘ /2 

, A , 7 y , a/ (a-y) 

4 x(b - x) i^ b _ x f + / ) 1/2 4 n(b - X) ((a _ yf + (b - x) 2 ) 1/2 



+ - 


A</ 


ib-x) 


4 xia-y) [{a-y) 2 + {b-x) 2 ) X/2 


k + 


A , 7 *) 

4 x(a-y)((a-y) 2 +x 2 )' 12 


, M 0 b (a-y) r | A , 7 T r 

4^( (fl _ v)2+x2 y /2 4^x(/ +x2 y /2 

We simplify this equation by factoring out common constants and combining terms with similar 
roots. 


Ao 7 

7y 2 + x 2 i yjy 2 +{b — x) 2 i yj(a - y) 2 + (b - xf i ■]{ a-y) 2 +x 2 

lr 

An 

xy ( b - x)y ( a - y)(b - x) x(a - y) 



46. 


(a) 


By symmetry we see that on the x axis the magnetic field can only have an x component. To 
justify this assertion, imagine that the magnetic field had a component off the axis. If the 
current loop were rotated by 90° about the x axis, the loop orientation would be identical to the 
original loop, but the off-axis magnetic field component would have changed. This is not 
possible, so the field only has an x component. The contribution to this field is the same for 
each loop segment, and so the total magnetic field is equal to 4 times the x component of the 
magnetic field from one segment. We integrate Eq. 28-5 to find this magnetic field. 


B 




ju () I ^jx(Vk) 


4/r 


(\d) 2 +x 2 +y 2 


jU 0 Id i 

2 n 


'[(M 


dy 


2 2 2 

+ x +y 


0 b ) 


ju 0 Idi 


y 


¥ 

2'j2d 2 ju 0 Ii 

2 n 

(fd )“ + x 2 

(fd) 2 +x 2 + y 2 

1/2 

-id 

ni^d 1 +Ax 2 ^[d 2 +2x 2 ) 


Let x » d to show that the magnetic field reduces to a dipole field of Eq. 28-7b. 

2\l2d 2 ju 0 Ii _d 2 ju 0 I i 
^■(4x 2 )(2x 2 )' /2 277x1 

Comparing our magnetic field to Eq. 28-7b we see that it is a dipole field with the magnetic 
moment \i = d 2 Ii 


47. (a) If the iron bar is completely magnetized, all of the dipoles are aligned. The total dipole moment 
is equal to the number of atoms times the dipole moment of a single atom. 


A = N ft = 


NaPV 


A 
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( 6.022 x 10 2 ’atoms/mole)(7.80g/cm 3 )(9.0 cm) (l. 2 cm) (l. 0 cm) 


f 


55.845g/mole 


1.8x10 


-23 A*m 


2 '\ 


V 


atom 


= 16.35 A-m 2 


16 A-nr 


( b ) We use Eq. 27-9 to find the torque. 

r = /jB sin 6 = (l 6.35 A*m 2 )(0.80 T)sin90°= 13 m«N 


48. The magnetic permeability is found 
from the two fields. 

B 0 = ju 0 nl ; B = /ml ; 

B u B 

For the graph, we have not plotted 
the last three data points so that the 
structure for low fields is seen. The 
spreadsheet used for this problem can 
be found on the Media Manager, with 
filename “PSE4_ISM_CH28.XLS,” 
on tab “Problem 28.48.” 



49. 


The magnetic field of a long, thin torus is the same as the field given by a long solenoid, as in Eq. 
28-9. 


B = junl = (2200)(4;r x 10“ 7 Tm/A)(285 m')(3.0 A) = |2.4 T 


50. 


The field inside the solenoid is given by Eq. 28-4 with /j 0 replaced by the permeability of the iron. 


juNI 

~T 



(2. 2T) (0.38m) 
(640)(48A) 


2.7 x 10 -5 T.m/A 


5 1 . Since the wires all carry the same current and are 

equidistant from each other, the magnitude of the force per 
unit length between any two wires is the same and is given 
by Eq. 28-2. 

F n 0 I 2 (4^xl0‘ 7 T-m/A)(8.00 A) 2 
i 2nd 2^(0.035 m) 

= 3.657 xlCT 4 N/m 

The direction of the force between two wires is along the 
radial line and attractive for currents traveling in the same 
direction and repulsive for currents traveling in opposite 
directions. The forces acting on wire M are radially away 
from the other two wires. By symmetry, the horizontal 
components of these forces cancel and the net force is the 
sum of the vertical components. 

F M = F MP cos 30° + F mn cos 30° 


= 2(3.657 x 10“ 4 N/m)cos30° = |6.3 x lO^N/m at 90° 
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The force on wire N is found by adding the components of the forces from the other two wires. By 
symmetry we see that this force is directed at an angle of 300°. The force on wire P, will have the 
same magnitude but be directed at 240°. 

F n, X = F np - F nm cos 60° = 3 .657 X 1 0- 4 N/m - (3 .657 x 1 (T 4 N/m) cos 60° = 1.829x1 0~ 4 N/m 
F n y = -F nm sin 60° = -(3.657 x KT* N/m) sin 60° = -3. 167 x lCT* N/m 


F n = 


F p ~ 


|(l.829xlO“ 4 N/m' 

2 + 

(-3.167xlO“ 4 N/m) 2 = 

3.7 x lO^N/m at 300° 


3.7 x l(T 4 N/m at 240° 


52. The magnetic field at the midpoint between currents M and N is the 
vector sum of the magnetic fields from each wire, given by Eq. 28-1. 
Each field points perpendicularly to the line connecting the wire to the 
midpoint. 


B — II + B + B p 

net MNP 


« =5 m =^~— = 

M N o 

lnr u 


a i (4^-xlO 7 T-m/A) 8 00 A 

- V ’ = 9.143 x 10~ 5 T 


2 n 


0.0175m 


B _ ju 0 1 _ (4^xlO _7 T-m/A) 8.00A 


2n r ? In ^3 (0.0175 m) 


= 5.279x10 T 


B = 


0 . = tan 


B\ +b\ = J 

net jc netjp \l 

(1.849 xlO^T' 

2 + 

-4.571 x 10 _5 T 

= 

4.93 x 10 4 T 


, B , 

1 nety 

B 


= tan 


net_p 


, -4.210 x 10 5 T 
1.702 xlO^T 


-14 c 


The net field points slightly below the horizontal direction. 


M 



53. For the wire to be suspended the net magnetic force must equal the 

gravitational force. Since the same current flows through the two lower 
wires, the net magnetic force is the sum of the vertical components of 
the force from each wire, given by Eq. 28-2. We solve for the unknown 
current by setting this force equal to the weight of the wire. 


F -2 

r M 


Im = 


f ° Im1np tcos30 ° = pg[\ndH) 

9 rrv ' ' 


2nr 
pgn : rd 2 


4 /u 0 I np cos30° 


(8900kg/m 3 ) 

(9.80m/s 2 ) 

1 n 2 (0.035m) 

i (l .00 x 10^ 3 m) 2 

4| 

[An x 10 7 T«m 

/A)(40.0A)( 

:os30° 



170A 


X 


54. 


The centripetal force is caused by the magnetic field, and is given by Eq. 27-5b. From this force we 

can calculate the radius of curvature. 

2 

v 

F - qvB sin 6 = qv ± B -m— — > 

r 


mv (9.11x10 31 kg)(l.3xl0 7 m/s)sin7° 
qB ~ (1.60x10‘ 19 C)(3.3x10“ 2 t) 


= 2.734x10 4 m® 0.27 mm 
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The component of the velocity that is parallel to the magnetic field is unchanged, and so the pitch is 
that velocity component times the period of the circular motion. 


T = 


2 nr 


2n mV± 


qB _ 2 k m 
i qB 


p = v u T = veos7 c 


f 2 Km x 
qB 


, , . 2k (9.11 x 10“ 3l kg) 

= (l.3 x 10 m/s)cos7° 7 V w 

V ’ (l.60xl0' I9 C)(3.3xl0“ 2 T) 


1.4 cm 


55.| ( a ) Use Eq. 28-1 to calculate the field due to a long straight wire. 


B. 


( b ) B b*a = 


p 0 I A j4;rxlQ- 7 T.m/A)(2.0A) 
2^(0. 15 m) 

p 0 I B (4^xlQ- 7 T.m/A)(4.0A) 


= 2.667 xlO^T* 2.7xlO~ 6 T 


= 5.333x10~ 6 T : 


5.3xl(T 6 T 


2ot 'b.oa 2/r(0.15m) 

(c) The two fields are not equal and opposite. Each individual field is due to a single wire, and has 
no dependence on the other wire. The magnitude of current in the second wire has nothing to 
do with the value of the field caused by the first wire. 

(d) Use Eq. 28-2 to calculate the force due to one wire on another. The forces are attractive since 
the currents are in the same direction. 

(AkxW 1 T-m/A) (2.0A)(4.0A) 

2k (0.15m) 


F 


F 


on A due to B on B due to A _ A* 0 _ 


Ao b'J ]>, 


L 


2k d 


AtoB 


= 1.067 xlO" s N/m« l.lxl(T 5 N/m 


These two forces per unit length are equal and opposite because they are a Newton’s third law 
pair of forces. 


o 


56. (a) The magnetic field from the long straight wire will be out of the page 
in the region of the wire loop with its magnitude given by Eq. 28-1. 

By symmetry, the forces from the two horizontal segments are 
equal and opposite, therefore they do not contribute to the net force. 

We use Eq. 28-2 to find the force on the two vertical segments of 
the loop and sum the results to determine the net force. Note 
that the segment with the current parallel to the straight wire f, 4 I 
will be attracted to the wire, while the segment with the I 

current flowing in the opposite direction will be repelled from the wire. 


*1 

^ 1 5 .0cm 


p — p y p = FpIJl £ Fob \b 2 £ _ Fpbyl 


2 Kd 


2/zy/j 


2k 


1 1 


d x d 


2 7 


{Ak x 10“ 7 T*m/A)(2.0 A)(10.0 A)(0.26 m) 


2k 


1 


0 

1 


o 

2.0 A 

o 


7.0 cm 


0.05 m 0.12 m 


T 


1 10.1 


26 cm 


10.0 A 


-►u 


1.2x10 5 N toward the wire 


( b ) Since the forces on each segment lie in the same plane, the net torque on the loop is zero . 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

240 


Chapter 28 


Sources of Magnetic Field 


57. The sheet may be treated as an infinite number of parallel wires. 

The magnetic field at a location y above the wire will be the sum of 
the magnetic fields produced by each of the wires. If we consider 
the magnetic field from two wires placed symmetrically on either 
side of where we are measuring the magnetic field, we see that the 
vertical magnetic field components cancel each other out. 

Therefore, the field above the wire must be horizontal and to the 
left. By symmetry, the field a location y below the wire must have 
the same magnitude, but point in the opposite direction. We * 

calculate the magnetic field using Ampere’s law with a rectangular 
loop that extends a distance y above and below the current sheet, as shown in the figure. 

<j)IWi= J B»c/I + | iwl + J IWf = 0 + 25 y D = // 0 / encl = // 0 ( jtD) 

sides top bottom 



« D — H 


B < 1 

4 1 

1 

Vj_ 1 

;X| 

1 

1 

T 

1 | 

y j_! 

1 

i_ J 


B 


\ ju Q jt, to the left above the sheet 


58. (a) We set the magnetic force, using Eq. 28-2, equal to the weight of the wire and solve for the 
necessary current. The current must flow in the same direction as the upper current, for the 
magnetic force to be upward. 


F m = 


1 2 = 


Filial 

2nr 


e=pg 


71 d 2 


t 




pgn 2 rd 2 _ (8900kg/ m 3 ) (9.80 m/s 2 )/r 2 (0. 050m) (l. 00 x 10 3 m) 




2(4^xl0“ 7 T-m/A)(48.0A) 


3 60 A, right 


(b) 

(c) 


The lower wire is in [unstable equilibrium! , since if it is raised slightly from equilibrium, the 
magnetic force would be increased, causing the wire to move further from equilibrium. 

If the wire is suspended above the first wire at the same distance, the same current is needed, 
but in the opposite direction, as the wire mu st be repelled fro m the low er wire to remain in 
equilibrium. Therefore the current must be 360 A to the left . This is a stable equilibrium for 
vertical displacement since if the wire is moved slightly off the equilibrium point the magnetic 
force will increase or decrease to push the wire back to the equilibrium height. 


59. The magnetic field at the center of the square loop is four times the magnetic field from one of the 
sides. It will be directed out of the page. We can use the result of Problem 40 for the magnitude of 
the field from one side, with R-\d. If the current is flowing counterclockwise around the square 

loop, the magnetic field due to each piece will point upwards. 

p 0 I d k _ p 0 I d k _ p 0 I - 


B„„„ =- 


one 

wire 


2 kR 


(4 R 2 +d 2 )' 2 M!^)(4 {\d) 2 + d 2 ^ 


V2/rrf 


® total = 4B 


one 

wire 


2y[2jU 0 I , 


nd 


60. The magnetic field at the center of a circular loop was calculated in Example 28-12. To determine 
the radius of the loop, we set the circumferences of the loops equal. 

2 R 


O si 

2nR -4 d ^ R- — 

71 


circle 


P 0 l7T 2V2 p 0 I 

4 d jzd square 


Therefore, changing the shape to a circular loop will [decrease! the magnetic field 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

241 










Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


61. (a) Choose x = 0 at the center of one coil. The center of the other coil will then be at x = R. Since 
the currents flow in the same direction in both coils, the right-hand-rule shows that the magnetic 
fields from the two coils will point in the same direction along the axis. The magnetic field 
from a current loop was found in Example 28-12. Adding the two magnetic fields together 
yields the total field. 


B(x) = 


R 0 NIR 2 , fi 0 NIR 2 

2[r 2 + x 2 J' 2 ' 2 

1 1 

to 
+ 

i 

i i 

3/2 


( b ) Evaluate the derivative of the magnetic field at x - jR. 


dB 


3/j 0 NIR 2 x 3 ju 0 NIR 2 (x-R) 


3 r 0 NIR 3 


-3 r 0 NIR 2 


dx 2 \_R 2 +x 2 J 2 2\r 2 +{x-R) 2 T 1 4[_R 2 +R 2 itf 11 a[r 2 +R 2 /aJ' 2 


= 1 


Evaluate the second derivative of the magnetic field at x = \R. 


d 2 B 

dx 2 


3jU 0 NIR 2 


15/j 0 NIR 2 x 2 


3 jU 0 NIR 2 


2[R 2 +x 2 ] 5 ' 2 2 [R 2 + x 2 Y 2 \r 2 +{x-R ) 


- + 


15 ju 0 NIR 2 (x-R) 2 


R 2 + (x-R) 2 


— 17 / 2 


3ju n N/R 2 

-i5/2 


15 r 0 NIR 4 


3jLi (i NIR 2 


1 5/yW/f' 


/ U | 1 U | r -y 

r r. -]5/2 r 0 ~\l/2 r 0 — 15 / 2 r 0 ~\1 12 

2\5R-IA\ 8[57? 2 /4] 2\5R 2 ! A\ 8[5/?74] 


ju 0 NIR 2 
[5R 2 /a] 12 


_3 15 : 4_3 1^4 

2 + 8-5 2 + 8-5 


= 0 


dB d 2 B 

Therefore, at the midpoint — = 0 and — — = 0. 

dx dx ‘ 

(c) We insert the given data into the magnetic field equation to calculate the field at the midpoint. 


B(«) = 


M,™- 


-+- 


/yV//C 


//,,/vy/c 


r t “i i/2 r r>-\3/z 

2[* 2 + (!*)] 2[y? 2 + (|yy)-] 

(4^xl0' 7 T-m/A)(250)(2.0A)(0.10m) 
(0.10m) 2 +(0.05m) 2 J /2 


R 2 + {XR) 2 


-\V2 


4.5 mT 


62. The total field is the vector sum of the fields from the two currents. We 
can therefore write the path integral as the sum of two such integrals. 


To evaluate the integral for current 1, we use Eq. 28-1, with the 
magnetic field constant and parallel to the loop at each line segment. 



2 nr 


2n 

| rdO - //„/, 

o 


To evaluate the integral for current 2, we consider a different angle d6 
centered at I 2 and crossing the path of the loop at two locations, as 
shown in the diagram. If we integrate clockwise around the path, the 
components of di parallel to the field will be -t\dO and rylO. 
Multiplying these components by the magnetic field at both locations 
gives the contribution to the integral from the sum of these segments. 
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B x dl x + B 2 dl 2 = ^L(- r x dO ) + r 2 d0 ) = 0 

2/rq 2zr 2 

The total integral will be the sum of these pairs resulting in a zero net integral. 
= <j)B 1 n/£ + (j)B 2 »r/£ = //„/, + 0 = jU 0 I x 


63. From Example 28-12, the magnetic field on the axis of a circular loop of wire of radius R carrying 

m,JR 2 


current 1 is B = ■ 


\3/2 ’ 


2(i? 2 +x 2 ) 

For the loop described in this problem, we have R-x - R l:mb - 


where x is the distance along the axis from the center of the loop. 


B = 


mJR 


2 (R 2 +x 2 ) 


1 = 


IBf+x'f 2g(^,,+«Li,r 2(if-BR, 

B(]R //i^Tarlh 

2(2) 3/2 (lxl0^T)(6.38xl0 6 m) 


Mo 


4^-xlO 7 T*m/A 


3x10 A 


64. The magnetic field from the wire at the location of the plane is perpendicular to the velocity of the 
plane since the plane is flying parallel to the wire. We calculate the force on the plane, and thus the 
acceleration, using Eq. 27-5b, with the magnetic field of the wire given by Eq. 28-1. 

Bo 1 


F = qvB - qv 


2n:r 


F qv ju 0 l (l8 x 10“ 3 C)(2.8 m/s)(4^xl0^ 7 T-m/A)(25 A) 


m m 2rcr 
= 1.67 x 10“ 5 m/s 2 = 


2^(0.175 kg)(0.086 m) 


1.7 x 10 _6 g's 


65. (a) To find the length of wire that will give the coil sufficient resistance to run at maximum power, 
we write the power equation (Eq. 25-7b) with the resistance given by Eq. 25-3. We divide the 
length by the circumference of one coil to determine the number of turns. 


P = V - = 

max 

K 


N = 


V 


pt/(d 2 ) 

V 2 d 2 


->£ = 


V 2 d 2 


pP m , 


(35 V) 2 (2.0x 10' 3 m) 


kD xDpP max /r(2.0 m)(l.68xl0“ 8 Qm)(l.0xl0 3 w) 


46 turns 


( b ) We use the result of Example 28-12 to determine the magnetic field at the center of the coil, 
with the current obtained from Eq. 25-7b. 

ju 0 NI _ ju 0 N P mwt _(4;rxl(T 7 T.m/A)(46)(l.0xl0 3 w) 


B = 


D 


D V 


0.83 mT 


(2.0 m)(35 V) 

(c) Increasing the number of turns will pr oportionately increase the resista nce and therefore 
decrease the current. The net result is no change in the magnetic field. 
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66. The magnetic field at the center of the square is the vector sum of the 
magnetic field created by each current. Since the magnitudes of the 
currents are equal and the distance from each comer to the center is the 
same, the magnitude of the magnetic field from each wire is the same 
and is given by Eq. 28-1. The direction of the magnetic field is 
directed by the right-hand-rule and is shown in the diagram. By 
symmetry, we see that the vertical components of the magnetic field 
cancel and the horizontal components add. 


B — B| + B, + B 4 + B 4 


= -4 


2/zr 


cos45°i 



= -4 


Po 1 


2n'^ L d 

2 




1 = 


W • 

nd 


67.| The wire can be broken down into five segments: the two 
long wires, the left vertical segment, the right vertical 
segment, and the top horizontal segment. Since the current 
in the two long wires either flow radially toward or away 
from the point P, they will not contribute to the magnetic 
field. The magnetic field from the top horizontal segment 
points into the page and is obtained from the solution 
to Problem 40. fi 

/J 0 I a 


B to P =- 


2 /ra^[5 


O P 


2 ™(a 2 +4a 2 y 

The magnetic fields from the two vertical segments both point into the page with magnitudes 
obtained from the solution to Problem 4 1 . 

Pj Q _ Pj 


Bverl 4x(a/2) 


na 


sT5 


(a 2 +(a/2y 

Summing the magnetic fields from all the segments yields the net field. 

Po 1 


B B t0 p + 2B ven rr 

Inay 5 


+ 2 


PtJ 

na4 5 


p 0 Isl 5 


2 na 


, into the page. 


68. Use Eq. 28-4 for the field inside a solenoid. 

ju 0 IN (4;tx 10~ 7 T» m/ A)(2.0A)(420) 


B 


0.12 m 


1x10 3 T 


69. The field due to the solenoid is given by Eq. 28-4. Since the field due to the solenoid is 

perpendicular to the current in the wire, Eq. 27-2 can be used to find the force on the wire segment. 


F = I . i . B , = I 

wire wire solenoid 


l 


Po solenoid 


wire wire 


= (22 A) (0.030m) 


(4 n x 1 0~ 7 T.m/A) (33 A) (550) 
(0.15m) 


= 0. 1 0 N to the south 
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70. Since the mass of copper is fixed and the density is fixed, the volume is fixed, and we designate it as 
V Cu = m Cu p Ca = f tu /l tii . We call the fixed voltage V 0 . The magnetic field in the solenoid is given by 
Eq. 28-4. 


B ~ /Vo 


N 


PoK N p 0 V 0 N p 0 V 0 N m Cu p 0 


R, l , 

Cu sol 


Pr 


k 

A 


i 


oil 

r RCu sol Cu 


P RCu ^sol ^Cu 


Mo V o m cPcu N 


Pr 


la 


The number of turns of wire is the length of wire divided by the circumference of the solenoid. 

l. 


N - ■ 


2 nr . 




P(V() m CuPca 


N 


P/^CuPc 2 ^ s ol PiY, m C,Pc, 


1 


Pk 


LA 


Pk 


LA 


2/ V 7 RCu ^sol^sol^Cu 


The first factor in the expression for B is made of constants, so we have B oc 


l ,r l 

sol sol Cu 


Thus we 


want the wire to be | short and fat | . Also the radius of the solenoid should be small and the length of 
the solenoid small. 


71. The magnetic field inside the smaller solenoid will equal the sum of the fields from both solenoids. 
The field outside the inner solenoid will equal the field produced by the outer solenoid only. We set 
the sum of the two fields given by Eq. 28-4 equal to times the field of the outer solenoid and 
solve for the ratio of the turn density. 

Mo + Po In b = -\{PJ n b) 


72. Take the origin of coordinates to be at the center of the semicircle.The magnetic field at the center of 
the semicircle is the vector sum of the magnetic fields from each of the two long wires and from the 
semicircle. By the right-hand-rule each of these fields point into the page, so we can sum the 
magnitudes of the fields. The magnetic field for each of the long segments is obtained by 
integrating Eq. 28-5 over the straight segment. 


B 


straight 


=1 


p 0 I dlxR 
An R 2 


=1 




An R J 


Pj>' , 
An 


2 ( 2 , 2 
r lx + r 


r 


An 


Pj ! 

Anr 


(x 2 +r 2 


1 


PvJ'' 

An 




dx 


-To I x 2 + r 2 ) 


3/2 


The magnetic field for the curved segment is obtained by integrating Eq. 28-5 over the semicircle. 

Pj i 
Ar 


B 


B = 2B 


1 

X 

> — i 

Po 1 

An l r 2 

Anr 

i . . . + B = - 

-2^ i- 

straight curve 

Anr 


k [ ds = k 

J At 

Pj 


Ar 


-k = 


Po 1 
Anr 


(2 + /r)k 
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73. (a) Set x = 0 at the midpoint on the axis between the two loops. Since the loops are a distance R 
apart, the center of one loop will be at x--\R and the center of the other at x-\R. The 

currents in the loops flow in opposite directions, so by the right-hand-rule the magnetic fields 
from the two wires will subtract from each other. The magnitude of each field can be obtained 
from Example 28-12. 

jU 0 NIR 2 jU 0 NIR 2 


B(x) = — 


R 2 +(\R-x ) 2 


R 2 +(\R + xf 


Factoring out \R 2 from each of the denominators yields the desired equation. 


B(x) = 


4 MoNI 


4 MoNI 


R\ 4 + (1-2 x/Rf 


R 


4 + (1 + 2 x/Rf 


3/2 


4 MoNI 


R 


f 


4 + 


2x 

v ~~R 


V 


/ 


f 


4 + 


, 2x 
1 + — 

v R 


V 


/ 


2x 

(b) For small values of x, we can use the approximation | 1 ± — 


,i±*. 

R 


B(x) = 


4// 0 NI 
R 1 

4 // 0 NI fr 4x 
5^V5 [L 5^J 


. 1-3/2 r . -1—3/2 ' 

. , 4x . , 4x 

4 + 1 4 + 1 + — 

R R 


-3/2 


1 + 


4x 
5 R 


-3/2 


Again we can use the expansion for small deviations 

4 MoNI 


f 4x^1 
1± — 
l 5 RJ 


i _ 6x 


B(x) = 


5 Rs[5 


fi+A] 



48// (J /V7x 

Lv 5 r ) 

1 l 5 R) 


25R 2 \[5 


This magnetic field has the expected linear dependence on x with a coefficient of 
C = 48// 0 iV//(257? 2 V5). 

(c) Set C equal to 0. 15 T/m and solve for the current. 


1 = 


25CR 2 ^5 _ 25(0.15 T/m)(0.04 rnf V5 
48// 0 A _ 48(4^xl0' 7 T-m/A)(l50) 


1.5 A 


74. We calculate the peak current using Eqs. 25-7 and 25-9. Then we use the peak current in Eq. 28-1 to 
calculate the maximum magnetic field. 

/ — J2I — J 2 ^ >avg V D — AoAnax _ '^ 2 Po ^avg 

max ^ rms ' , T max ~ ~ T r 

^rms 2 ^ 2 * r ^ 

V2 (4^ x 10~ 7 T-m/A) (45 x 10 6 W) 


2/r(l2 m) (l5xl0 3 v) 


71 ju T 
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75. We use the results of Example 

28-12 to calculate the magnetic field as 
a function of position. The spreadsheet 
used for this problem can be found on 
the Media Manager, with filename 
“PSE4_ISM_CH28.XLS,” on tab 
“Problem 28.75.” 



NjU 0 IR 2 (250)(4/rxl0^ 7 T.nfA)(2.0A)(0.15m) 2 

/ r\ o \ 3 / 2 r- — 13 / 2 

2(R- +x) 2^(0.15m)" +x 2 


7.0686 xlO _6 T.m 3 

F p — 13 / 2 

(0.15mf +x 2 


76. (a) Use the results of Problem 61(a) to write the magnetic field. 


B(x) = 


jU 0 NIR- 


- + - 


ju 0 NIR 


r~ ~ ~ -i 5/ z I - 

2 [7? 2 +x 2 ] 2 R 2 +(x-R) 


3/2 


(b) See the graph. The spreadsheet 
used for this problem can be 
found on the Media Manager, 
with filename 

“PSE4_ISM_CH28.XLS,” on tab 
“Problem 28.76b.” 



(c) 


Use the values from the spreadsheet to find the % difference. 

% di ff = ^(^ = 6.0cm)-^( JC = 5.0cm) = 4.49537mT -4.49588mT (lQQ , 

/ X V / A /inCOO*v,T V ' 


B(x = 5.0cm) 


4.49588mT 


-1.1 x 10~ 2 % 
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Responses to Questions 

[T] Using coils with many (/V) turns increases the values of the quantities to be experimentally 
measured, because the induced emf and therefore the induced current are proportional to N. 

2. Magnetic flux is a quantitative measure of the number of magnetic field lines passing through a 
given area. It depends not only on the field itself, but also on the area and on the angle between the 
field and the area. 

3. Yes, the current is induced clockwise. No, there is no induced current if the magnet is steady, 
because there is no changing flux through the ring. Yes, the current is induced counterclockwise. 

4. There is no induced current in the loop that is moving parallel to the wire because there is no change 
of magnetic flux through the loop. The induced current in the loop moving away from the wire is 
clockwise. The magnetic field through the loop due to the current is directed into the page, and the 
loop is moving such that its distance from the wire is increasing, resulting in a decrease in magnetic 
field strength and therefore a decrease in magnetic flux through the loop. By Lenz’s law, a 
decreasing magnetic flux into the page results in a clockwise induced current. 

5. Yes. The force is attractive. The induced clockwise current in the right loop will induce a 
counterclockwise current in the left loop which will slow the relative motion of the loops. 

6. (a) Yes. 

( b ) The current starts as soon as the battery is connected and current begins to flow in the first loop. 

(c) The induced current stops as soon as the current in the first loop has reached its steady value. 

(< d) The induced current in the second loop will be counterclockwise, in order to oppose the 

change. 

( e ) While there is an induced current, there will be a force between the two loops. 

(/) The force will be repulsive, since the currents are in opposite directions. 

fr] Yes, a current will be induced in the second coil. It will start when the battery is disconnected from 
the first coil and stop when the current falls to zero in the first coil. The current in the second loop 
will be clockwise. 

8. Counterclockwise. If the area of the loop decreases, the flux through the loop (directed out of the 
page) decreases. By Lenz’s law, the resulting induced current will be counterclockwise to oppose the 
change. Another way to approach this question is to use the right-hand rule. As the bar moves to the 
left, the negative electrons in the bar will experience a force down, which results in a 
counterclockwise current. 

9. (a) The current through R A will be to the right. The field due to the current in coil B will be to the 

left. As coil B is moved toward coil A, the flux through A will increase, so the induced field in 
coil A will be to the right, to oppose the change. This field corresponds to an induced current 
flowing from left to right in R A . 

( b ) The current through R A will be to the left. When coil B is moved away from coil A, the flux 
through coil A will decrease, so the induced field will be to the left, to oppose the change. This 
field corresponds to an induced current flowing from right to left in R A . 

( c ) If R b is increased, the current in the circuit will decrease, decreasing the flux through coil A, 
resulting in a current through R A to the left. 
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10. The shielding prevents external fields from inducing a current which would cause a false signal in 
the inner signal wire. 

1 1 . The currents in the two wires will be 1 80° out of phase. If they are very close together, or wrapped 
around each other, then the magnetic fields created by the currents in the wires will very nearly 
cancel each other. 

12. The straight wire will fall faster. Since the magnetic field is non-uniform, the flux through the loop 
will change as the loop falls, inducing a current which will oppose the change and therefore resist 
the downward motion. Eddy currents will also be induced in the straight wire, but they will be much 
smaller since the straight wire does not form a closed loop. 

13. (a) Yes. If a rapidly changing magnetic field exists outside, then currents will be induced in the 

metal sheet. These currents will create magnetic fields which will partially cancel the external 
fields. 

( b ) Yes. Since the metal sheet is permeable, it will partially shield the interior from the exterior 
static magnetic field; some of the magnetic field lines will travel through the metal sheet. 

(c) The superconducting sheet will shield the interior from magnetic fields. 

14. Each of the devices mentioned has a different operating current and voltage, and each needs its own 
transformer with its own ratio of primary to secondary turns designed to convert normal household 
current and voltage into the required current and voltage. If the devices were designed to operate 
with the same current and voltage, they could all run on identical transformers. 

15. You could hook the transformer up to a known ac voltage source. The ratio of the output voltage to 
the input voltage will give the ratio of turns on the two coils. If you pair up the leads incorrectly (one 
lead from each coil, rather than both leads from the same coil), there will be no output voltage. 
Alternatively, you could attach an ohmmeter to two of the leads. The resistance will be infinite if 
you have one lead from each pair, and nearly zero if you have both leads from the same pair. 

16. Eligher voltages are inherently more dangerous because of the increased risk of establishing large 
currents and large electromagnetic fields. The large potential differences between the wires and the 
ground could cause arcing and short circuits, leading to accidental electrocutions. In addition, 
higher- voltage power lines will have higher electromagnetic fields associated with them than lower- 
voltage power lines. Biological effects of exposure to high electromagnetic fields are not well 
understood, but there is evidence of increased health risks to people who live close to high voltage 
power lines. 

17. When the transformer is connected to the 120-V dc source no back emf is generated, as would 
happen with an ac source. Therefore, the current in the transformer connected to the dc source will 
be very large. Because transformers generally are made with fine, low resistance wires, the large 
current could cause the wires to overheat, melt the insulation, and bum out. 

18. A motor uses electric energy to create mechanical energy. When a large electric motor is running, 
the current in the motor’s coil creates a back emf. When the motor is first turned on, the back emf is 
small, allowing the motor to draw maximum current. The back emf has a maximum value when the 
motor is running at full speed, reducing the amount of current required to run the motor. As the 
current flow in the motor’s coil stabilizes, the motor will operate at its lower, normal current. The 
lights will dim briefly when the refrigerator motor starts due to the increased current load on the 
house circuit. Electric heaters operate by sending a large current through a large resistance, 
generating heat. When an electric heater is turned on, the current will increase quickly to its 
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maximum value (no coil, so no back emf) and will stay at its maximum value as long as the heater is 
on. Therefore, the lights will stay dim as long as the heater is on. 

19. At the moment shown in Figure 29-15, the armature is rotating clockwise and so the current in 
length b of the wire loop on the armature is directed outward. (Use the right-hand rule: the field is 
north to south and the wire is moving with a component downward, therefore force on positive 
charge carriers is out.) This current is increasing, because as the wire moves down, the downward 
component of the velocity increases. As the current increases, the flux through the loop also 
increases, and therefore there is an induced emf to oppose this change. The induced emf opposes the 
current flowing in section b of the wire, and therefore creates a counter-torque. 

20. Eddy currents exist in any conducting material, so eddy current brakes could work with wheels made 
of copper or aluminum. 

21. The nonferrous materials are not magnetic but they are conducting. As they pass by the permanent 
magnets, eddy currents will be induced in them. The eddy currents provide a “braking” mechanism 
which will cause the metallic materials to slide more slowly down the incline than the nonmetallic 
materials. The nonmetallic materials will reach the bottom with larger speeds. The nonmetallic 
materials can therefore be separated from the metallic, nonferrous materials by placing bins at 
different distances from the bottom of the incline. The closest bin will catch the metallic materials, 
since their projectile velocities off the end of the incline will be small. The bin for the nonmetallic 
materials should be placed farther away to catch the higher-velocity projectiles. 

22. The slots in the metal bar prevent the formation of large eddy currents, which would slow the bar’s 
fall through the region of magnetic field. 

23. As the aluminum sheet is moved through the magnetic field, eddy currents are created in the sheet. 
The magnetic force on these induced currents opposes the motion. Thus it requires some force to 
pull the sheet out. (See Figure 29-21.) 

24. As the bar magnet falls, it sets up eddy currents in the metal tube which will interact with the magnet 
and slow its fall. The magnet will reach terminal velocity (due to the interactions with the magnetic 
dipoles set up by the eddy currents, not air resistance) when the weight of the magnet is balanced by 
the upward force from the eddy currents. 

25. As the bar moves in the magnetic field, induced eddy currents are created in the bar. The magnetic 
field exerts a force on these currents that opposes the motion of the bar. (See Figure 29-21.) 

26. Although in principle you could use a loudspeaker in reverse as a microphone, it would probably not 
work in actual practice. The membrane of the microphone is very lightweight and sensitive to the 
sound waves produced by your voice. The cardboard cone of a loudspeaker is much stiffer and 
would significantly dampen the vibrations so that the frequency of the impinging sound waves 
would not be translated into an induced emf with the same frequency. 


Solutions to Problems 


[l] The average induced emf is given by Eq. 29-2b. 

ro i/d> Ad> 38 Wb - (-58 Wb) 

% = -N = -N — = -2 4 L 

dt A t 0.42 s 
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2. As the magnet is pushed into the coil, the magnetic flux increases to the right. To oppose this 
increase, flux produced by the in duced current must be to the left, so the induced current in the 
resistor will be from right to left. 


As the coil is pushed into the field, the magnetic flux through the coil increases into the page. To 
oppose this increa se, the flux produc ed by the induced current must be out of the page, so the 
induced current is [counterclockwise). 


4. The flux changes because the loop rotates. The angle between the field and the normal to the loop 
changes from 0° to 90°. The average induced emf is given by the “difference” version of Eq. 29-2b. 

AO g ABAcosO /r(0.110m) 2 1.5 T(cos90° -cos0°) 

avg At At 0.20 s 

/r(0.1 10 m) 2 1.5T(0-l) 

= 0.29 V 

0.20s 


5. Use Eq. 29-2a to calculate the emf. Setting the flux equal to the magnetic field multiplied by the 

2 

area of the loop, A = nr , and the emf equal to zero, we can solve for the rate of change in the coil 
radius. 


% — B 


dt dt 


/ „ 2 \ dB ? „ „ dr 

( Bnr ) = nr~ - 2 k B r — = 0 

V / At At 


— = — = -(-0.010 T/s) °- 12m =0.0012 m/s = |l.2 mm/s 

dt dt 2B v ' 2 (0.500 T) 

6. We choose up as the positive direction. The average induced emf is given by the “difference” 
version of Eq. 29-2a. 

AO g _ AAB _ ^(0.054m) 2 (-0.25T-0.68T) _l ; io - 2y 

At At 0.16 s 


0 (a) When the plane of the loop is perpendicular to the field lines, the flux is given by the maximum 

of Eq. 29- la. 

O b =BA = Bnr 2 = (0.50T);r(0.080m) 2 = |l.0xl0~ 2 Wb 

(. b ) The angle is 0 = 55° 

(c) Use Eq. 29- la. 

0 g = BAcosd = Bnr 1 - (0.50T);r(0.080mf cos55° = 5.8 x 10~ 3 Wb 


8. (a) As the resistance is increased, the current in the outer loop will decrease. Thus the flux through 

the inner loop, which is out of the page, will decrease. To oppose this decrease, the induced 
current in the i nner loop will prod uce a flux out of the page, so the direction of the induced 
current will be [counterclockwise . 

(b) If the small loop is placed to the left, the flux through the small loop will be into the page and 
will decrease. To oppose this decrease, the induced current in the inne r loop will produce a flux 
into the page, so the direction of the induced current will be [clockwise . 
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9. As the solenoid is pulled away from the loop, the magnetic flux to the right through the loop 

decreases. To oppose this decrease, the flux produced by the induced current must be to the right, so 
the induced current is counterclockwise as viewed from the right end of the solenoid. 


10. (a) The average induced emf is given by the “difference” version of Eq. 29-2b. 
AO, _ AAB _ /r(0.040m) 2 (-0.45T-0.52T) 


% = - 


2.7x10 -V 


At At 0.18s 

(b) The positive result for the induce d emf means the induced field is away from the observer, so 
the induced current is Iclockwisel. 


11. (a) The magnetic flux through the loop is into the paper and decreasing, because the area is 
decreasing. To oppose this decrease, the induced current in the loop will produce a flux 


into the paper, so the direction of the induced current will be |clockwise| 


(b) The average induced emf is given by the “difference” version of Eq. 29-2b. 


I® I ad, 
I avg l At 


B\AA\ (0.75T)/r (0.100m) 2 - (0.030m) : 


At 


0.50s 


= 4.288x10 V: 


4.3 x 10”' V 


(c) We find the average induced current from Ohm’s law. 


1 R 


4.288 x 10~~ V 


2.50 


1.7x10"- A 


12. As the loop is pulled from the field, the flux through the loop decreases, causing an induced EMF 
whose magnitude is given by Eq. 29-3, % = Blv. Because the inward flux is decreasing, the induced 
flux will be into the page, so the induced current is clockwise, given by / = %jR . Because this 
current in the left-hand side of the loop is in a downward magnetic field, there will be a magnetic 
force to the left. To keep the rod moving, there must be an equal external force to the right, given by 
F = IlB. 


F = IIB = 



Blv 

R 


IB = 


B 2 l 2 v 

R 


(0.650T) 2 (0.350m) 2 (3.40 m/s) 
0.2800 


0.628 N 


13. 


(a) 


Use Eq. 29-2a to calculate the emf induced in the ring, where the flux is the magnetic field 
multiplied by the area of the ring. Then using Eq. 25-7, calculate the average power dissipated 
in the ring as it is moved away. The thermal energy is the average power times the time. 

c£ _ AO a _ ABA _ AB(\nd 2 ) 

At At At 


Q 


= PAt = 


f ^ 2 ] 

At = 

"A B(\nd 2 y 

f At ) 

UJ 

At 

v j 

U, 


(AS) 2 n-d 4 
\6RAt 


(0.80T) 2 n 1 (0.015m) 4 
16(55 x10" 6 o)(45x10" 3 s) 


= 8.075 xlO“ 3 J: 


3.1 mJ 


(. b ) The temperature change is calculated from the thermal energy using Eq. 19-2. 
Ar _ Q _ 8.075 x IQ" 3 J 

me (l5xlO“ 3 kg)(l29J/kg-°C) 


4.2 x 10~ 3 C° 
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14. The average emf induced in the short coil is given by the “difference” version of Eq. 29-2b. N is the 
number of loops in the short coil, and the flux change is measured over the area of the short coil. 

The magnetic flux comes from the field created by the solenoid. The field in a solenoid is given by 
Eq. 28-4, B = p 0 IN sdeBM /l sdeBM , and the changing current in the solenoid causes the field to change. 


Itgl _ ^short Aiort^^ 

!< l " At 


N h A h A 

short short 


/Al-^solenou 
V ^solenoid J 


At 


u^N . . ..A. t AI 

' 0 short solenoid short 

At 


(4k x 10~ 7 T-m/A)(l5)(420)^(0.0125m) 2 (5.0A) 


(0.25m) 


(0.60s) 


1.3x10 4 V 


15. (a) There is an emf induced in the coil since the flux through the coil changes. The current in the 
coil is the induced emf divided by the resistance of the coil. The resistance of the coil is found 
from Eq. 25-3. 

pi 




R = 


NA 


1 R 


dB 

dt 


Pi 

A . 


A 


NA ..A . dB 

coil wire 

pi dt 


28 

/r(0.110mf 

k{\3 x 10 3 m) 

(8.65 x 10~ 3 T/s) 


(1.68x10 

r 8 Q. m )28(2^)(0.110m) 


= 0.1504 A : 


0.15A 


(b) The rate at which thermal energy is produced in the wire is the power dissipated in the wire. 

2 2 pi , x2 (1.68 x 10 8 Q-m)28(2^)(0.1l) 

P = I 2 R = I 2 — — = (0. 1 504 A) 2 ’ V /V 


A 


■(l.3 x 10 3 mj 


1.4x10 W 


16. The sinusoidal varying current in the power line creates a sinusoidal varying magnetic field 

encircling the power line, given by Eq. 28-1. Using Eq. 29- lb we integrate this field over the area of 
the rectangle to determine the flux through it. Differentiating the flux as in Eq. 29-2b gives the emf 
around the rectangle. Finally, by setting the maximum emf equal to 170 V we can solve for the 
necessary length of the rectangle. 

B(t) - cos (2 n ft) ; 


2 nr 


O fi (*) = ^BdA- J 5Q (^-cos(2/r ft)idr = cos(2/r /?) j 50 — = ^^ln(l.4)f cos(2/r/t) 

In (1.4) £ 


:=-N- 3 


2 nr 
Np 0 I 0 


dt 2 n 

% -Np 0 I 0 f ln(l.4)£ 

£ = 


d 


— cos(2 71 ft) 
dt y J 


2 n j50m r 2 k 

= N Po 1 J ln(l.4)£sin(2^/t) ; 


170V 


12m 


NjU 0 I 0 f In (1.4) 10(4^xl0“ 7 T-m/A)(55,000A)(60Hz)ln(l.4) 

This is unethical because the current in the rectangle creates a back emf in the initial wire. This 
results in a power loss to the electric company, just as if the wire had been physically connected to 
the line. 
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17. The charge that passes a given point is the current times the elapsed time, Q — I At . The current will 


be the emf divided by the resistance, I - — . The resistance is given by Eq. 25-3, R - 

R A 


p£ 


, and the 


emf is given by the “difference” version of Eq. 29-2a. Combine these equations to find the charge 
during the operation. 


1 1 At 


A, AB 

loop 

At 


R = 


_pt_ 

A 


A AB 

loop 1 




At _ 4oop Aire |AS| 


pi 

A . 


plAt 


Q = IAt = 


A. A . AB Ktf nr 1 . AB r. nr 2 IASI 

loop wire loop wire loop wire | I 


pi 


p{ln) 


r. 

loop 


2 P 


(0.091m)/r 

(l . 175 x 10~ 3 m) 

2 (0.750T) 

2 ( 

1.68 x 10~ s Q*m 

) 


1.81 C 


18. (a) Use Eq. 29-2b to calculate the emf. 

% = -N^- = (-75)^-[(8.8t -0.51t 3 ) x 10~ 2 T.m 2 ] = (-6.6 + 1.1475C ) V 


dt 


(■ -6.6 + 1. ir)v 


( b ) Evaluate at the specific times. 

%{t = 1.0s) = (-6.6 + 1.1475(l.0) 2 )v = 

%{t = 4.0s) = (-6.6 + 1.1475(4.0) 2 ) V = 


-5.5V 


12V 


19.| The energy dissipated in the process is the power dissipated by the resistor, times the elapsed time 
that the current flows. The average induced emf is given by the “difference” version of Eq. 29-2a. 

AO % 2 

B ■ p = — • 

1 1 5 


% = - 


At 


R 


E = PAt = — At = 
R 


f AO B ^ 

| 2 A t a 2 (ab) 2 

1 1 

O 

to 

Ot 

1 1 

1 

O 

2 1x1 0 5 T 

l At J 

1 R RAt (l50Q)(0.12s) 



20. The induced emf is given by Eq. 29-2a. Since the field is uniform and is perpendicular to the area, 
the flux is simply the field times the area. 

% = = -B — = -(0.28T)(-3.50 x 10~ 2 m 2 /s) 

dt dt V A ’ 

Since the area changes at a constant rate, and the area has not shrunk to 0 at t = 2.00 s, the emf is the 
same for both times. 


9.8 mV 
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21 . 


The induced emf is given by Eq. 29-2a. Since the field is uniform and is perpendicular to the area, 
the flux is simply the field times the area of a circle. We calculate the initial radius from the initial 
area. To calculate the radius after one second we add the change in radius to the initial radius. 


m= 


d® B _ B d W) 

dt dt 


dr 

- 2k Br — 
dt 



<8(0) = 2/r (0.28 T) 


. 0.285 m 2 , , , | 

i n nzn m /c » 1 


23 mV 

n 1 


'S(l.OOs) = 2/r(0.28T) 


0.285m 2 


K 


+ (0.043 m/s)(l.00s) 


(0.043 m/s) = 


26 mV 


22. The magnetic field inside the solenoid is given by Eq. 28-4, B = ju 0 nl. Use Eq. 29-2a to calculate 
the induced emf. The flux causing the emf is the flux through the small loop. 


eg _ _ d® B __ A solenoid 


dl 


dt 


dt 


ui / \ 

= - A x fi a n — = -A t fj () n ( -cof sin cot)- A { ju {) ncol Q sin cot 
dt 


23. (a) If the magnetic field is parallel to the plane of the loop, no magnetic flux passes through the 
loop at any time. Therefore, the emf and the current in the loop are 


zero 


(b) When the magnetic field is perpendicular to the plane of the loop, we differentiate Eq. 29- la 
with respect to time to obtain the emf in the loop. Then we divide the emf by the resistance to 
calculate the current in the loop. 

a , 


% 1 ( d® B 

R R i dt 


' = + /?<)] = -f K + 2 fit] 


(0.60 T/s)[(0.50 m 2 ) + 2(0.70 m 2 /s)(2.0 s)" 


2.0 Q 


= -0.99 A 


Since the magnetic field is pointing down into the page, the downward flux is increasin g. The 
current then flows in a direction to create an upward flux. The resulting current is then 0.99 A 


in the counterclockwise direction 


24. The magnetic field across the primary coil is constant and is that of a solenoid (Eq. 28-4). We 
multiply this magnetic field by the area of the secondary coil to calculate the flux through the 
secondary coil. Then using Eq. 29-2b we differentiate the flux to calculate the induced emf. 

= BA = /u 0 n p I 0 sm(2.K ft)^Kd 2 /4) 


% = N^ L = NjU () n p I <) (Kd 2 /4) 


dt 


— sin(2 nft) 
dt y ’ 


-\K 1 d 2 fNn 0 n p I 0 cos(2k ft) 


25 


(a) The magnetic field a distance r from the wire is perpendicular to the 
wire and given by Eq. 28-1. Integrating this magnetic field over the 
area of the loop gives the flux through the loop. 

' b+a Mj 




2nr 


-adr = 




2 n 

l b ) 


(b) 


db 


Since the loop is being pulled away, v- — . Differentiate the 

dt 

magnetic flux with respect to time to calculate the emf in the loop. 


B 


■dr 
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(c) 

id) 



d 


fj 0 la d 

L l V 

db 

ju 0 Ia 2 v 

dt 

dt 

In V b) 

In db 

dt 

2 nb{b + a) 


Note that this is the emf at the instant the loop is a distance b from the wire. The value of b is 
changing with time. 

Since the magnetic field at the loop points into the page, and the flux is decreasing, the induced 
current will create a downward magnetic field inside the loop. The current in the loop then 


flows clockwise 


The power dissipated in the loop as it is pulled away is related to the emf and resistance by Eq. 
25-7b. This power is provided by the force pulling the loop away. We calculate this force from 
the power using Eq. 8-21. As in part ( b ), the value of b is changing with time. 


F = — -■ 


Rv 


I 7 I 4 

ju 0 l a v 


An 2 Rb 2 (b + n)~ 


26. From Problem 25, the flux through the loop is given by = 


2 TC 


f 


In 


a 


1 + 

V b 


The emf is found 


from Eq. 29-2a. 

cg_ dd> B _ d 

dt dt 


^7 

+ 

i 

= _ Mof_ ^ 

fl + T; 

|_ 2 n v b ) 

2 n 

l b J 


dl 

dt 


{Arc x 1(T 7 T*m/A)(0.120m) 


In 


In 


1 + 


12.0 
15.0 ; 


(l 5.0 A) (2500 rad/s) cos (2500t) 


(5.3xl0^v)cos(2500t) 


27. The velocity is found from Eq. 29-3. 


% - Blv — > v — 


0.12V 


Bl (0.90T)(0.132m) 


1.0 m/s 


28. Because the velocity is perpendicular to the magnetic field and the rod, we find the induced emf 
from Eq. 29-3. 

% = Blv = (0.800T)(0. 120m) (0.150 m/s) = |l.44xlO~ 2 V 


29. (a) Because the velocity is perpendicular to the magnetic field and the rod, we find the induced emf 
from Eq. 29-3. 

% = Blv = (0.35T)(0.250m)(l.3m/s) = 0.1138V ~ lo.llV 


( b ) Find the induced current from Ohm’s law, using the total resistance. 
0.1138V 




• = 4.138 xlO^A : 


4.1mA 


R 25.00 + 2.50 

(c) The induced current in the rod will be down. Because this current is in an upward magnetic 
field, there will be a magnetic force to the left. To keep the rod moving, there must be an equal 
external force to the right, given by Eq. 27-1. 

F = IlB = (4.138 x 10~ 3 A)(0.250m)(0.35T) = 3.621 x 10~ 4 N 


0.36 mN 
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30. The emf is given by Eq. 29-3 as % — Biv. The resistance of the conductor is given by Eq. 25-3. The 
length in Eq. 25-3 is the length of resistive material. Since the movable rod starts at the bottom of 
the U at time t = 0, in a time t it will have moved a distance vt. 

_ % _ Biv _ Biv 

R pL^ p(2vt + i) 

A A 


BivA 

p(2vt + i) 


31. The rod will descend at its terminal velocity when the magnitudes of the 

magnetic force (found in Example 29-8) and the gravitational force are equal. 
We set these two forces equal and solve for the terminal velocity. 


B 2 i 2 v, 


R 


- mg — > 


mgR (3.6 xlO -3 kg)(9.80 m/s 2 ) (0.0013 D.) 
B 2 i 2 (0.060 T) 2 (0.18 m) 2 


0.39 m/s 



O 

O 

© 

© 

© 


32. Since the antenna is vertical, the maximum emf will occur when the car is traveling perpendicular to 
the horizontal compon ent of the Earth’s magnetic field. This occurs when the car is traveling in the 


east or west direction! . We calculate the magnitude of the emf using Eq. 29-3, where B is the 
horizontal component of the Earth’s magnetic field. 

% = Biv = (5.0 x 10‘ 5 Tcos45°)(0.750m)(30.0m/s) = 8.0 x 1CT 4 V = 


0.80 mV 


33. (a) As the rod moves through the magnetic field an emf will be built up 
across the rod, but no current can flow. Without the current, there is 


(b) 


34. (a) 


no force to oppose the motion of the rod, so |yes,| the rod travels at 
constant speed. 

We set the force on the moving rod, obtained in Example 29-8, 
equal to the mass times the acceleration of the rod. We then write 
the acceleration as the derivative of the velocity, and by separation 

of variables we integrate the velocity to obtain an equation for the velocity as a function of time. 
dv B 2 i 1 dv BH 2 


© 

© 

© 

_© ' 

B 



V ^ 

© 

© 

© 

© .! 

© 

© 

© 

© w 


F - ma = m — = -- 
dt 


R 


-v-» — = — 


mR 


-dt 


r dv' B 2 i 2 


v o v 


mR 


r> , . v B 2 i 

I dt — y In — — 1 — ) 

Jo v 


mR 


b 2 i 2 

v{t) = v 0 e mR 


The magnetic force is proportional to the velocity of the rod and opposes the motion. This 
results in an exponentially decreasing velocity. 


For a constant current, of polarity shown in the figure, the 
magnetic force will be constant, given by Eq. 27-2. Using 
Newton’s second law we can integrate the acceleration to 


o o o © o 


dv 

\ 

dt 


s a function of time. 


r , IiB p , 

IiB 

[ dv f dt — » 

v(t) - t 

Jo m Jo 

m 


( b ) 



For a constant emf, the current will vary with the speed of the 
rod, as motional emf opposes the motion of the rod. We again use Eq. 27-2 for the force on the 
rod, with the current given by Ohm’s law, and the induced motional emf given by Eq 29-3. 

The current produced by the induced emf opposes the current produced by the battery. 
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F — m — = IlB = 
dt 


%-Blv 


R 


IB -> 


dv 


IB 


— Biv mR 


dt — ) 


dv 


v-%/Bi 


s 2 e 

mR 


dt — ^ 


1 


dv 


° v-%/Bl 


B 2 H 2 

mR 


l dt In 

f v-%/B() 

B 2 H 2 

v(t 


' B 2 l 2 f h 

1 - e mR ‘ 

Jo 

( ~%/Bl ) 

mR 


1 Bi 

v / 


( c ) With constant current, the acceleration is constant and so the velocity does not reach a terminal 
velocity. However, with constant emf, the increasing motional emf decreases the applied force. 


This results in a limiting, or terminal velocity of v t - %/Bi 


35. (a) The magnetic field is perpendicular to the rod, with the magnetic 
field decreasing with distance from the rod, as in Eq. 28-1. The 
emf, d % across a short segment, dr, of the rod is given by the 
differential version of Eq. 29-3. Integrating this emf across the 
length of the wire gives the total emf. 
d%- Bvdr — > 


\d%~ \ b+ “ Mo1 vdr- 

« /v ln[ 

' b + a'] 

•* ■’* 2nr 

In \ 

b J 


x 


x 


X 

h a- 


H*-6- 




1^7 

X 

1 dr X 


This emf points |toward the wire) , as positive charges are attracted toward the current. 

(b) The only c hange is the directio n of the current, so the magnitude of the emf remains the same, 
but points away from the wire, since positive charges are repelled from the current. 


36. From Eq. 29-4, the induced voltage is proportional to the angular speed. Thus their quotient is a 
constant. 

% % 


= _> « i = «i = (12 . 4V )^EE2 

<y, ox, co x 875 rpm 


22.0V 


37.| We find the number of turns from Eq. 29-4. The factor multiplying the sine term is the peak output 
voltage. 

24.0V 


'Speak = NBojA 


N = - 


peak 


BcoA (0.420 T) (2k rad/rev) (60 rev/s) (0.051 5 m)' 

38. From Eq. 29-4, the peak voltage is < S peak = NBcoA . Solve this for the rotation speed, 
^peak = NBcoA — > co- -777^ = 77 = 9.39 rad/ s 


57.2 loops 


NBA 480 (0.550 T) (0.220 m)~ 


co 9.39rad/s 
2 tc In rad/rev 


1.49 rev/s 


39. From Eq. 29-4, the peak voltage is r € pcak = NABco . The rms voltage is the peak voltage divided by 

V2 , and so = < g peak / V 2 = NAB to J ^2 . 

40. Rm s voltage is found from the peak induced emf. Peak induced emf is calculated from Eq. 29-4. 

‘‘Teak = NBcoA -> 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

258 



Chapter 29 


Electromagnetic Induction and Faraday ’s Law 


F = 


‘Spe,* NBcoA (250)(0.45T)(2^rad/rev)(l20rev/s)^(0.050m)' 

V2 V2 

= 471.1V 


V2 


470 V 


To double the output voltage, you must [double the rotation frequencyl to 240 rev/s. 


41. From Eq. 29-4, the induced voltage (back emf) is proportional to the angular speed. Thus their 
quotient is a constant. 

ty. 


T3 ? , = «i =(72V )^iEi 

co x ox, co x 1200rpm 


150V 


42. When the motor is running at full speed, the back emf opposes the applied emf, to give the net across 
the motor. 


applied 


= IR -> 


tack = = 120 V -(7.20 A)(3.05O) = 


98V 


|43 . The back emf is proportional to the rotation speed (Eq. 29-4). Thus if the motor is running at half 
speed, the back emf is half the original value, or 54 V. Find the new current from writing a loop 
equation for the motor circuit, from Figure 29-20. 


^ac k -« = 0 / 


R 


120V-54V 

5.00 


13 A 


44. The magnitude of the back emf is proportional to both the rotation speed and the magnetic field. 


from Eq. 29-4. Thus is constant. 

Boo 


B x co x B,co 2 


-> b 2 = 


% B x co x _ (75 V) B x (llOOrpm) 

co 2 % ~ (2300 1 pm) (85 V) 


= 0.425, 


So | reduce the magnetic field to 42% of its original value | 


45. (a) The generator voltage rating is the generator emf less the back emf. The ratio of the generator 
voltage rating to the generator emf is equal to the ratio of the effective resistance to the armature 
resistance. We solve this ratio for the generator emf, which is the same as the “no load” 
voltage. 


V = % = V ^ load - V ijoad/Aoai _ 250 V 

%1 ' load „ " load n Z,JU V 

K, iv„ 


^250V/64A a 

0.40Q 


= 2441V; 


2.4kV 


l nl ll nl 

(, b ) The generator voltage is proportional to the rotation frequency. From this proportionality we 
solve for the new generator voltage. 

^ = a^=K,^ = ( 250 V) 2 t 2 lE!! 

V l ( 0 ] co { 1 000 rpm 


190V 


46. Because N s < N v , this is a |step-down| transformer. Use Eq. 29-5 to find the voltage ratio, and Eq. 
29-6 to find the current ratio. 


V P JVp 


85 turns 
620 turns 


0.14 


I s N p 620 turns 


7 P N s 


85 turns 


7.3 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

259 












Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


47. We find the ratio of the number of turns from Eq. 21-6. 


N s F s 12000 V 

N p V p 240 V 


If the transformer is connected backward, the role of the turns will be reversed: 


N p V p 


IK 1 . 

— - — — -> K =— (240V)= 4.8V 
50 240 V 50 V 


48. (a) Use Eqs. 29-5 and 29-6 to relate the voltage and current ratios. 

K AT 7 N p F I p I p , s 0.35 A — 

= = -> -5- = -^ -> F = F p — = (120 V) = 5.6V 

V p N p I p N s V p I s I s 7.5 A 

(b) Because V S <V P , this is a |step-down| transformer. 


J (a) We assume 100% efficiency, and find the input voltage from P — IV . 

P 75 W 

P = I P V p -» V p - — = = 3.409 V 

7 P 22 A 

Since F p < F s , this is a step-up transformer. 

v 12 V 

(b) -§- = = 3.5 

F p 3.409 V 


50. (a) The current in the transmission lines can be found from Eq. 25- 10a, and then the emf at the end 
of the lines can be calculated from Kirchhoff s loop rule. 

P 65 x 10 6 W 

P^ = V m I m -> I„=^ = t = 1444 A 


F_„ 45 x 10W 


^ = IR + + V ™ = 6 ! X !°^ (3-0Q) + 45 x 10 3 V = 49333 V = |49kV(rms) 

45x10 V 

( b ) The power loss in the lines is given by P loss — I^R . 

P P I 2 R (1444A) 2 (3.0Q) 

Fraction wasted = -!s=- = *= = = ^ 

ai ^own + ^oss ^own + C* 65 X lO* W + (l444 A) (3.0O) 

= 0.0881 = 8 . 8 % 


51. (a) If the resistor R is connected between the terminals, then it has a voltage F) across it and current 

I 0 passing through it. Then by Ohm’s law the equivalent resistance is equal to the resistance of 
the resistor. 

F n i i, i 


R = 1°=[r 

eq r 


(b) We use Eqs. 29-5 and 29-6 to write the voltage drop and current through the resistor in terms of 
the source voltage and current to calculate the effective resistance. 


F N 

* = - = AT- 
/ N P 


F N 

>K q =~ = — R 

r q I N 

/ % W v s 7 
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52. We set the power loss equal to 2% of the total power. Then using Eq. 25-7a we write the power loss 
in terms of the current (equal to the power divided by the voltage drop) and the resistance. Then, 
using Eq. 25-3, we calculate the cross-sectional area of each wire and the minimum wire diameter. 
We assume there are two lines to have a complete circuit. 


P = 0.020F = fR = \- \\ ^—\ -> A = 


41 

(225x10 6 w) 

(2.65xlO‘ 8 Q-m): 

>(185x 10 3 m) 

1 0.020/rl 

(660x10 3 v) 

2 


0 . 020 V 2 


d = A V= — = 0.01796m * 1.8cm 

V 0.020/r V- y 0.020/r(660x 10 3 v) 

The transmission lines must have a diameter greater than or equal to 1.8 cm. 

53. Without the transformers, we find the delivered current, which is the current in the transmission 
lines, from the delivered power, and the power lost in the transmission lines. 

P , 85000 W 

P =V J, -> /.. = s£- = = 708.33 A 

out out line line ^ 120 V 

r out 

K* = 4A»e = (708.33A) 2 2(0.1000) = 100346 W 
Thus there must be 85000 W + 100346 W = 185346W « 185kW of power generated at the start of the 
process. 

With the transformers, to deliver the same power at 120 V, the delivered current from the step-down 
transformer must still be 708.33 A. Using the step-down transformer efficiency, we calculate the 
current in the transmission lines, and the loss in the transmission lines. 

V J , (120V)(708.33A) 

E> _ n QQ E> V 17 T _ n 0017 T v T — out out _ V /V / _ 71 548 A 


P =0 99 P 

^ out v- yy2 lme 


VI =0 99V I 

'out- 1 out v.ssr une line 


V I 

out out 

0.99U 


end ° utout “ lme 0.99V hne (0.99)(1200V) 

= 4A* = (71.548A) 2 2(0.100n) = 1024 W 
The power to be delivered is 85000 W. The power that must be delivered to the step-down 

transformer is ^ = 85859 W . The power that must be present at the start of the transmission 

0.99 

must be 85859 W + 1024 W = 86883 W to compensate for the transmission line loss. The power that 

must enter the transmission lines from the 99% efficient step-up transformer is 

86883 W — 

= 87761 «88kW. So the power saved is 185346 W - 87761 W = 97585 W * 98kW . 

0.99 


54. We choose a circular path centered at the origin with radius 10 cm. By symmetry the electric field is 
uniform along this path and is parallel to the path. We then use Eq. 29-8 to calculate the electric field 
at each point on this path. From the electric field we calculate the force on the charged particle. 

d)£Wf = E{lnr\ = — =-(xr 2 ) — 

J V ’ dt 1 ’ dt 

F = QE = -Q-— = -( l.OxlO' 6 C) °' 10m (-0. 10T/s ) = 

2 d t 2 

Since the magnetic field points into the page and is decreasing, Lenz’s law tells us that an induced 
circular current centered at the origin would flow in the clockwise direction. Therefore, the force on 

a positive charge along the positive x-axis would be down, or in the -j direction. 
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55. (a) The increasing downward magnetic field creates a circular electric field along the electron path. 
This field applies an electric force to the electron causing it to accelerate. 

( b ) For the electrons to move in a circle, the magnetic force must provide a centripetal acceleration. 
With the ma gnetic field pointing downward, the right-hand-rule requires the electrons travel in 
a clockwise direction for the force to point inward. 

(c) For the electrons to accelerate, the electric field must point in the counterclockwise direction. 

A current in this field would creat e an upward magnetic flux. So by Lenz’s law, the downward 
magnetic field must be increasing . 

(d) For the electrons to move in a circle and accelerate, the field must be pointing downward and 
increasing in magnitude. For a sinusoidal wave, the field is downward half of the time and 
upward the other half. For the half that it is downward its magnitude is decreasing half of the 
time and increasing the other half. Therefore, the magnetic field is pointing downward and 
increasing for only one fourth of every cycle. 


56. 


In Example 29-14 we found the electric field along the electron’s path from Faraday’s law. 
Multiplying this field by the electron charge gives the force on the electron, and from the force, we 
calculate the change in tangential velocity. 

dv = f = E q = q r ^av g 

dt m m m 2 dt 


We set the centripetal force on the electron equal to the magnetic force (using Eq. 27-5b) and solve 
for the velocity. Differentiating the velocity with respect to time (keeping the radius constant) yields 
a relation for the acceleration in terms of the changing magnetic field. 


v 2 qBr 

qvB -m — — > v — — > 

r m 


dv 

dt 


q dB n 
— r — - 
m dt 


Equating these two equations for the electron acceleration, we see that the change in magnetic field 
at the electron must equal \ of the average change in magnetic field. This relation is satisfied if at all 


times 5 0 =i S avg- 


57. (a) 

(b) 


The electric field is the change in potential across the rod (obtained from Ohm’s law) divided by 
the length of the rod. 



Again the electric field is the change in potential across the rod divided by the length of the rod. 
The electric potential is the supplied potential less the motional emf found using Eq. 29-3 and 
the results of Problem 34(b). 


E 


AV _%-Blv 

l ~ i 




58. (a) The clockwise current in the left-hand loop produces a magnetic field which is into the page 
within the loop and out of the page outside the loop. Thus the right-hand loop is in a magnetic 
field that is directed out of the page. Before the current in the left-hand loop reaches its steady 
state, there will be an induced current in the right-hand loop that will produce a magnetic field 
into the page t o oppose th e increase of the field from the left-hand loop. Thus the induced 
current will be |clockwise| . 

( b ) After a long time, the current in the left-hand loop is constant, so there will be no induced 
current in the right-hand coil. 
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( c ) If the second loop is pulled to the right, the magnetic field out of the page from the left-hand 
loop through the second loop will decrease. During the motion, there will be an induced current 
in the right-hand loop that will produce a magnetic field out of the page to oppose the decrease 


of the field from the left-hand loop. Thus the induced current will be [counterclockwise! 


59. 


The electrical energy is dissipated because there is current flowing in a resistor. The power 
dissipation by a resistor is given by P - PR, and so the energy dissipated is E - PAt — I 2 R At . The 
current is created by the induced emf caused by the changing B-field. The average induced emf is 
given by the “difference” version of Eq. 29-2b. 


AO fl _ AAB _ % _ AAB 

At At R RAt 


E = PAt = I 2 RAt = 


a 2 (ab) 2 

R 2 (At ) 2 


RAt = 


a 2 (ab) 2 

R(At) 


(0.270m) 2 ] 2 [(0-0.755T)] 2 
(7.50Q)(0.0400s) 


1.01 x 10 -2 J 


60. Because there are perfect transformers, the power loss is due to resistive heating in the transmission 

65 MW 

lines. Since the town requires 65 MW, the power at the generating plant must be =65.99 

0.985 

MW. Thus the power lost in the transmission is 0.99 MW. This can be used to determine the 
current in the transmission lines. 


P - PR 


P 

! = *- = 


0.99 x 10W 


= 241.3 A 


'R )|2(85km)0.10Q/km 
To produce 65.99 MW of power at 241.3 A requires the following voltage. 


rr P 65.99 x 10 W „„„ , , 

V = — = = 2.73 x 10 V 

/ 241.3 A 


270 kV 


[61 .[ The charge on the capacitor can be written in terms of the voltage across the battery and the 

capacitance using Eq. 24-1. When fully charged the voltage across the capacitor will equal the emf 
of the loop, which we calculate using Eq. 29-2b. 


g = CE = C^^ = C4^- = (5.0xl0' 12 F)(l2 m 2 )(l0 T/s) = |0.60 nC 


dt 


62. (a) From the efficiency of the transformer, we have P s = 0.85fj, . Use this to calculate the current 
in the primary. 


P s = 0.85 P p = 0.85/pEp -> 7 P = ■ 


75 W 


= 0.8021 A 


0.80 A 


0.85E P 0.85(1 10 V) 

( b ) The voltage in both the primary and secondary is proportional to the number of turns in the 
respective coil. The secondary voltage is calculated from the secondary power and resistance 
since P = V 2 / R . 


N V 

' D ’ D 


K 


110V 


K V( 75W )( 2 - 4Q ) 


1.2 
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63. (a) The voltage drop across the lines is due to the resistance. 

V out =V in -IR = 42000 V -(740 A) (2) (0.80 Q) = 40816 V * |41kV 

(. b ) The power input is given by P m = IV m . 

P n = IV m = (740 A) (42000 V) -3.108xl0 7 W ^ [3Txl0 7 W 

(c) The power loss in the lines is due to the current in the resistive wires. 

i?„,, -I~R - (740A) 2 (1.60Q) -8.76x1Q 5 W ^ |8.8x10 5 W 

(d) The power output is given by P M = IV out . 

P M = IV oul =(740A)(40816V)=3.020x10 7 W* ^0~x10 7 W . 

This could also be found by subtracting the power lost from the input power. 
P=P-P. = 3.108x10 7 W-8.76x10 5 W = 3.020x10 7 W* |3.0x10 7 W 

out in loss 


64. We find the current in the transmission lines from the power transmitted to the user, and then find the 
power loss in the lines. 


P t = LV -> L= — 
V 


2 ( P Y PjR, 

p L =r L R L = f R c = ^r- 

\ V J V 


65. (a) Because V s < V p , this is a step-down transformer. 

( b ) Assuming 100% efficiency, the power in both the primary and secondary is 35 W. Find the 
current in the secondary from the relationship P — IV . 

35 W 71 

P=/K -> L= — = = 2.9 A 

V s 12V 

P 35 W 

(c) P f = /pTp I f = = = 0.29 A 

V p 120V 

(d) Find the resistance of the bulb from Ohm’s law. The bulb is in the secondary circuit. 

K 12V 

K=LR = = =4.10 


66 . A side view of the rail and bar is shown in the figure. From Section 21-3, 
the emf in the bar is produced by the components of the magnetic field, 
the length of the bar, and the velocity of the bar, which are all mutually 
perpendicular. The magnetic field and the length of the bar are already 
perpendicular. The component of the velocity of the bar that is 
perpendicular to the magnetic field is v cos 6 , and so the induced emf is 
given by the following. 

% = Btv cos 9 

This produces a current in the wire, which can be found by Ohm’s law. That current is pointing into 
the page on the diagram. 

% Blv cos 0 
R R 

Because the current is perpendicular to the magnetic field, the force on the wire from the magnetic 
field can be calculated from Eq. 27-2, and will be horizontal, as shown in the diagram. 
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B R R 

For the wire to slide down at a steady speed, the net force along the rail must be zero. Write 
Newton’s second law for forces along the rail, with up the rail being positive. 

. B 2 fvcos 2 0 

F na - F B cos 0 - mg smO - 0 — » mg sm0 — » 

R 


v = 


Rmg sin 0 (0.60Q)(0.040kg)(9.80m/s 2 )sin6.0° 


B 2 l 2 cos 2 0 


(0.55T) 2 (0.32m) 2 cos 2 6.0° 


0.80m/s 


|67.| The induced current in the coil is the induced emf divided by the resistance. The induced emf is 
found from the changing flux by Eq. 29-2a. The magnetic field of the solenoid, which causes the 
flux, is given by Eq. 28-4. For the area used in Eq. 29-2a, the cross-sectional area of the solenoid 
(not the coil) must be used, because all of the magnetic flux is inside the solenoid. 


/ = 


ind 

R 


, , d ® dB , 

K\ = *^ — = N mil A sol -f- 
dt dt 


S sol=M 


£ , 


KonAoiFo Ns °' dJx ' 


I = 


^sol ^ _ ~^coilAlAo ^ sol dl^ J 


R 


R 


l , dt 


4.6x10 A 


(l 50 turns) ^ (0.045 m) 2 {An x 10 -7 T*m/A) (230 turns) 2.0A 
12Q (0.01m) 0.10s 

As the current in the solenoid increases, a magnetic field from right to left is created in the solenoid 
and the lo op. The induc ed current will flow in such a direction as to oppose that field, and so must 
flow from left to right through the resistor. 


68. The average induced emf is given by the “difference” version of Eq. 29-2b. Because the coil 

orientation changes by 180°, the change in flux is the opposite of twice the initial flux. The average 
current is the induced emf divided by the resistance, and the charge that flows in a given time is the 
current times the elapsed time. 

ro A® „ AS f(-S)-(+S)l 2 NAB 

%. =-N — = -NA — = -NA— — AU 


At 


Q = IAt = ^At. 
R 


At 

2 NAB 
At 
R 


At 


At 


At = ■ 


2 NAB 


R 


-> 


B = 


RQ 


2 NA 
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69. Calculate the current in the ring from the magnitude of the emf (from Eq. 29-2a) divided by the 
resistance. Setting the current equal to the derivative of the charge, we integrate the charge and flux 
over the 90° rotation, with the flux given by Eq. 29- la. This results in the total charge flowing past a 
given point in the ring. Note that the initial orientation of the ring area relative to the magnetic field 
is not given. 


% — B 

dt 


T % dQ _ % , 

l I — — — — ^ dO — — dt — ^ 

R dt R 


r 1 rd ® 1 r 1 r&W0+9O°) BA[cos(d + 90°) - COS (f\ 

Q=\dQ=\-dt = -\ dt = -[dO=-[ </0= L v J 

J J R R J dt R J R Js 


R R 
(0.23T)/r (0.030 m) 
0.0250 


R J RJRAcos(0) R 

[cos ( 6 + 90°) - cos 0] = 0.0260 1 C 1 [cos ( 9 + 90°) - cos 0] 


To find the maximum charge, we set the derivative of the charge with respect to the starting angle, 6, 
equal to zero to find the extremes. Inserting the maximum angle into our equation, we find the 
maximum charge passing through the ring. Finally, we divide the maximum charge by the charge of 
a single electron to obtain the number of electrons passing the point in the ring. 

^ = 0.02601 C[- sin (6> + 90°) + sin 6>] = 0.0260 1 C[- cos 6 + sin 6>] = 0 tan6> = l 

dO 

0 = 45° or 225° 

0 max =0.02601 C[cos(225° + 90°) -cos225°] = 0.03678 C 
0.03678 C 


V = ■ 


<7 


1.60 xl0‘ 19 C/e 


2.3 x 10 electrons 


70. The coil should have a diameter about equal to the diameter of a standard flashlight D-cell so that it 
will be simple to hold and use. This would give the coil a radius of about 1.5 cm. As the magnet 
passes through the coil the field changes direction, so the change in flux for each pass is twice the 
maximum flux. Let us assume that the magnet is shaken with a frequency of about two shakes per 
second, so the magnet passes through the coil four times per second. We obtain the number of 
turns in the coil using Eq. 29-2b. 

i _%\ t _ %\t _ (3.0V)(0.25s) 


N - ■ 


AO/At AO 


2 B 0 A 


2(0.050T)/z-(0.015m)~ 


1 1, 000 turns 


71. (a) 


(b) 


(c) 


Since the coils are directly connected to the wheels, the torque provided by the motor (Eq. 27- 
9) balances the torque caused by the frictional force. 

Fr _ (250 N)(0.29 m) 


NIAB = Fr -> / = 


NAB 


- = 24.86 A « 25 A 


270(0.12 m)(0.15m)(0.60T) 

To maintain this speed the power loss due to the friction (Eq. 8-21) must equal the net power 
provided by the coils. The power provided by the coils is the current through the coils 
multiplied by the back emf. 


P = Fv = I % 


_ Fv _ (250 N) (35 km/h) f 1000m/km A 


iack 


3600 s/h 


= 97.76 V: 


98V 


/ 24. 86 A 

The power dissipated in the coils is the difference between the power produced by the coils and 
the net power provided to the wheels. 

= (24.86A)(120 V- 97.76 V) = 553 W; 


Pv~ = p-p«*=™-i%» 


600 W 
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(d) We divide the net power by the total power to determine the percent used to drive the car. 


net 

P 


a, 


1% 


97.76V 

120V 


= 0.8147 « 81% 


72. The energy is dissipated by the resistance. The power dissipated by the resistor is given by Eq. 25- 
7b, and the energy is the integral of the power over time. The induced emf is given by Eq. 29-2a. 

col 


«, *T d ®B NAB ‘ 

% = -N = -NA — = 

dt dt r 


0 e -th 


P — I R — — = 
R 


f n 2 a 2 b 2 0 a 


-2tjz 


E = 


\ p <‘>=\ 


' N 2 A 2 B 2 ^ 

Rt 2 


- 2,/T dt = 


f N 2 A 2 B l A 

Rt 2 


f * - 2,1 

— e ' 

v 2 


v 

Jo 


Rt 

{nab,) 

2 Rt 


-(l-W 2,/r ) 


18/r(0.100m)-(0.50T) . ,, 

L — v )\ YL \ _ e -V(o.ios ) \ = , 020 j\A_ e -20, 

2(2.0Q)(0.10s) V ’ " L 


|73.| The total emf across the rod is the integral of the differential emf across <•> 
each small segment of the rod. For each differential segment, dr, the 
differential emf is given by the differential version of Eq. 29-3. The 
velocity is the angular speed multiplied by the radius. The figure is a 
top view of the spinning rod. 


d% - Bvd l = B cor dr — > % = j d% = J B cor dr ■ 


\Booi 1 




® 

^ dt>S 


B 


<=> 


■X 

y 


<s> 



V <•> 

•0 

w 

<=> 

<=> 

<■> 




® 




74. (a) 


Afield 

-AAA- 


n 

v armature 


-I, 


starting % 


l o 

field 


0 

armature 





(. b ) At startup there is no back emf. We therefore treat the circuit as two parallel resistors, each 
with the same voltage drop. The current through the battery is the sum of the currents through 
each resistor. 


I = L +/, 


‘0 

field 


0 

armature 


R,, 


R 


115V 115V 

- + - 


36.0 Q. 3.00 Q. 


41.5 A 


(c) At full speed the back emf decreases the voltage drop across the armature resistor. 

_ % ^^ack 


1 1 field "^armature 


R, 


11, 


115V 115V-105V 

- + - 


36. 0Q 


3.00Q 


6.53A 
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75. Assume that the electric field does not fringe, but only has a horizontal 
component between the plates and zero field outside the plates. Apply 
Faraday’s law (Eq. 29-8) to this situation for a rectangular loop with one 
horizontal leg inside the plates and the second horizontal leg outside the 
plates. We integrate around this path in the counterclockwise direction. 
Since the field only has a horizontal component between the plates, only the 
horizontal leg will contribute to the electric field integral. Since the field is 
constant in this region, the integral is the electric field times the length of the 
leg. 

<j)E.£/i = J o £ Edl = El 

d ® 

For a static electric field, the magnetic flux is unchanging. Therefore 


dt 


= 0 . 


Using Faraday’s law, we have ()E -dl - - 


d®E 

dt 


k 


-> — h 


E 


El - 0, which is not possible. Thus one of the 


initial assumptions must be false. We conclude that the field must have some fringing at the edges. 


76. The total emf across the disk is the integral of the differential emf 
across each small segment of the radial line passing from the center 
of the disk to the edge. For each differential segment, dr, the emf is 
given by the differential version of Eq. 29-3. The velocity is the 
angular speed multiplied by the radius. Since the disk is rotating in 
the counterclockwise direction, and the field is out of the page, the 
emf is increasing with increasing radius. Therefore the rim is at the 
higher potential. 

d% = Bvd l - B cor dr — » 


% = j d% = J B cor dr ■ 


\BooR 



77. We set the electric field equal to the negative gradient of the electric potential (Eq. 23-8), with the 
differential potential given by Eq. 29-3, as in Problem 76. 

- d% „ Brcodr „ 

E = r = r 

dr dr 

The electric field has magnitude Brco and points radially inwards, toward the center of the disk. 


-Brcor 


78. The emf around the loop is equal to the time derivative of the flux, as in Eq. 29-2a. Since the area of 
the coil is constant, the time derivative of the flux is equal to the derivative of the magnetic field 
multiplied by the area of the loop. To calculate the emf in the loop we add the voltage drop across 
the capacitor to the voltage drop across the resistor. The current in the loop is the derivative of the 
charge on the capacitor (Eq. 24-1). 

dQ - dC 'El[ CV[ y- e -'yy- 


1 = 


dt dt 


CV o_ e ~t/T 


K e -‘/r 

R 


% = IR + V C = \ ^ e 


\^e ,h ^R + V 0 { l-e-' /r ) = F 0 


d ®„ .dB 2 dB 

B =A — = 7zr — 


dB 

dt 


K 


nr 


dt dt dt 

Since the charge is building up on the top plate of the capacitor, the induced current is flowing 
clockwi se. By Len z’s law this produces a downward flux, so the external downward magnetic field 
must be [decreasing . 
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79. (a) As the loop falls out of the magnetic field, the flux through the loop decreases with time 

creating an induced emf in the loop. The current in the loop is equal to the emf divided by the 
resistance, which can be written in terms of the resistivity using Eq. 25-3. 

7t d 2 


m 


% _ 

f nd 1 ! 4^ 

i 

e 

r nd 2 2 

R~' 

l P4f J 

dt 

wfj 


dt 16 pi 


Biv 


This current induces a force on the three sides of the loop in the magnetic field. The forces on 
the two vertical sides are equal and opposite and therefore cancel. 

nd 2 


F = IIB = - 


16 pi 


-BivlB = 


nd B iv 


16 p 


By Lenz’s law this force is upward to slow the decrease in flux. 

Terminal speed will occur when the gravitational force is equal to the magnetic force. 


F * =Pm 


( d ^ 

AttI 

| nd 2 B 2 lv T 

1 6 m„T 

l 4 J 

E-h 

x 

V 

so 

1 

X) 

B 2 


(c) 


We calculate the terminal velocity using the given magnetic field, the density of copper from 
Table 13-1, and the resistivity of copper from Table 25-1 

16(8.9xl0 3 kg/m 3 j(l.68xl0“ 8 Qm)(9.80 m/s 2 ) 


(0.80 T) 2 


3.7 cm/s 


80. (a) See the graph, with best fit linear 
trend line (with the y intercept 
forced to be 0). 

(. b ) The theoretical slope is the 
induced voltage divided by the 
velocity. Take the difference 
between the experimental value 
found in part (a) and the 
theoretical value and divide the 
result by the theoretical value to 
obtain the percent difference. 



(c) 


% diff - 


^exp ^theory 


m 


theory 


\ 

( m ^ 

( 

100 = 


II 

o 

o 

) 

[BNi J 



0.3532 V-s/m 


(0.126T)(50)(0. 0561m) 


-1 


100 


-0.065% 


Use the theoretical equation to calculate the voltage at each experimental speed. Then calculate 
the percent difference at each speed. 


Speed 

Induced 

Theoretical 

Induced 


(m/s) 

Voltage (V) 

Voltage (V) 

% diff. 

0.367 

0.128 

0.130 

- 1.32% 

0.379 

0.135 

0.134 

0.78% 

0.465 

0.164 

0.164 

-0.21% 

0.623 

0.221 

0.220 

0.37% 

0.630 

0.222 

0.223 

- 0.30% 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH29.XLS,” on tab “Problem 29.80.” 
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Responses to Questions 

[f] (a) For the maximum value of the mutual inductance, place the coils close together, face to face, on 

the same axis. 

(. b ) For the least possible mutual inductance, place the coils with their faces perpendicular to each 
other. 

2. The magnetic field near the end of the first solenoid is less than it is in the center. Therefore the flux 
through the second coil would be less than that given by the formula, and the mutual inductance 
would be lower. 

3. Yes. If two coils have mutual inductance, then they each have the capacity for self-inductance. Any 
coil that experiences a changing current will have a self-inductance. 

4. The energy density is greater near the center of a solenoid, where the magnetic field is greater. 

5. To create the greatest self-inductance, bend the wire into as many loops as possible. To create the 
least self-inductance, leave the wire as a straight piece of wire. 

6. (a) No. The time needed for the LR circuit to reach a given fraction of its maximum possible 

current depends on the time constant, r = L/R, which is independent of the emf. 

(. b ) Yes. The emf determines the maximum value of the current (7 max = Vq/R,) and therefore will 
affect the time it takes to reach a particular value of current. 

fr] A circuit with a large inductive time constant is resistant to changes in the current. When a switch is 

opened, the inductor continues to force the current to flow. A large charge can build up on the 
switch, and may be able to ionize a path for itself across a small air gap, creating a spark. 

8. Although the current is zero at the instant the battery is connected, the rate at which the current is 
changing is a maximum and therefore the rate of change of flux through the inductor is a maximum. 
Since, by Faraday’s law, the induced emf depends on the rate of change of flux and not the flux 
itself, the emf in the inductor is a maximum at this instant. 

9. When the capacitor has discharged completely, energy is stored in the magnetic field of the inductor. 
The inductor will resist a change in the current, so current will continue to flow and will charge the 
capacitor again, with the opposite polarity. 

10. Yes. The instantaneous voltages across the different elements in the circuit will be different, but the 
current through each element in the series circuit is the same. 

11. The energy comes from the generator. (A generator is a device that converts mechanical energy to 
electrical energy, so ultimately, the energy came from some mechanical source, such as falling 
water.) Some of the energy is dissipated in the resistor and some is stored in the fields of the 
capacitor and the inductor. An increase in R results in an increase in energy dissipated by the circuit. 
L, C, R, and the frequency determine the current flow in the circuit, which determines the power 
supplied by generator. 
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12. X L = X(- at the resonant frequency. If the circuit is predominantly inductive, such that X r > X c , then 
the frequency is greater than the resonant frequency and the voltage leads the current. If the circuit is 
predominantly capacitive, such that X c > X L , then the frequency is lower than the resonant frequency 
and the current leads the voltage. Values of L and C cannot be meaningfully compared, since they 
are in different units. Describing the circuit as “inductive” or “capacitive” relates to the values oiX L 
and X c , which are both in ohms and which both depend on frequency. 

13. Y es. When co approaches zero, X L approaches zero, and X c becomes infinitely large. This is 
consistent with what happens in an ac circuit connected to a dc power supply. For the dc case, co is 
zero and X L will be zero because there is no changing current to cause an induced emf. X c will be 
infinitely large, because steady direct current cannot flow across a capacitor once it is charged. 

14. The impedance in an LRC circuit will be a minimum at resonance, when X L = X c . At resonance, the 
impedance equals the resistance, so the smallest R possible will give the smallest impedance. 

15. Yes. The power output of the generator is P = IV. When either the instantaneous current or the 
instantaneous voltage in the circuit is negative, and the other variable is positive, the instantaneous 
power output can be negative. At this time either the inductor or the capacitor is discharging power 
back to the generator. 

16. Yes, the power factor depends on frequency because X, and X c , and therefore the phase angle, 
depend on frequency. For example, at resonant frequency, X L = X c , the phase angle is 0°, and the 
power factor is one. The average power dissipated in an LRC circuit also depends on frequency, 
since it depends on the power factor: P m g = / rms V ms cos tp. Maximum power is dissipated at the 
resonant frequency. The value of the power factor decreases as the frequency gets farther from the 
resonant frequency. 

17. (a) The impedance of a pure resistance is unaffected by the frequency of the source emf. 

( b ) The impedance of a pure capacitance decreases with increasing frequency. 

(c) The impedance of a pure inductance increases with increasing frequency. 

(d) In an LRC circuit near resonance, small changes in the frequency will cause large changes in the 
impedance. 

( e ) For frequencies far above the resonance frequency, the impedance of the LRC circuit is 
dominated by the inductive reactance and will increase with increasing frequency. For 
frequencies far below the resonance frequency, the impedance of the LRC circuit is dominated 
by the capacitive reactance and will decrease with increasing frequency. 

18. In all three cases, the energy dissipated decreases as R approaches zero. Energy oscillates between 
being stored in the field of the capacitor and being stored in the field of the inductor. 

(a) The energy stored in the fields (and oscillating between them) is a maximum at resonant 
frequency and approaches an infinite value as R approaches zero. 

( b ) When the frequency is near resonance, a large amount of energy is stored in the fields but the 
value is less than the maximum value. 

(c) Far from resonance, a much lower amount of energy is stored in the fields. 

19. In an LRC circuit, the current and the voltage in the circuit both oscillate. The energy stored in the 
circuit also oscillates and is alternately stored in the magnetic field of the inductor and the electric 
field of the capacitor. 
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20. In an LRC circuit, energy oscillates between being stored in the magnetic field of the inductor and 
being stored in the electric field of the capacitor. This is analogous to a mass on a spring, with 
energy alternating between kinetic energy of the mass and spring potential energy as the spring 
compresses and extends. The energy stored in the magnetic field is analogous to the kinetic energy 
of the moving mass, and L corresponds to the mass, m, on the spring. The energy stored in the 
electric field of the capacitor is analogous to the spring potential energy, and C corresponds to the 
reciprocal of the spring constant, 1 /k. 


Solutions to Problems 


[l] (a) The mutual inductance is found in Example 30-1. 

juN { N 2 A 1 850 (4/r x 10~ 7 T-m/A) (225) (l 15) n (0.0200 m) 2 


M - 

/ 2.44 m 

(b) The emf induced in the second coil can be found from Eq. 30-3b. 

™ dL A/, / 2 \ (-12. 0A) 

% =-M— l = -M — L = (-3.10 x 10~ 2 h)- - 

dt At ' 0.0980 ms 


3.10x10 H 


3.79V 


2. If we assume the outer solenoid is carrying current I v then the magnetic field inside the outer 

solenoid is B - ju l) n ] f . The flux in each turn of the inner solenoid is ® 21 = Biuf - /nyi^fnK. The 
mutual inductance is given by Eq. 30-1. 


N ® 

M = — - — — 


n 2 ijU ll n l fnr 2 


-» 


M 

T 


M 0 tf n 2^2 


3. We find the mutual inductance of the inner loop. If we assume the outer solenoid is carrying current 

N 

I v then the magnetic field inside the outer solenoid is B = ju 0 -y-7, . The magnetic flux through each 

loop of the small coil is the magnetic field times the area perpendicular to the field. The mutual 
inductance is given by Eq. 30-1. 


N I NO 

® 21 =54sin(9 = // 0 — ^Asin# ; M = — 


N I 

N 2 /j () ^ 1 A 2 sin 6 

I, 


N 2 A 2 sin 0 


We find the mutual inductance of the system using Eq. 30-1, with the flux equal to the integral of the 
magnetic field of the wire (Eq. 28-1) over the area of the loop. 


M = -^- 


1 

/, "V 2 7tr 


wdr - 


^In 

fM 

In 

UJ 


5. Find the induced emf from Eq. 30-5. 

g = -IV = -£— = -(0.28H) l 10 '° A ~ 250 A ) 

dt At 0.36s 


12V 
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6. Use the relationship for the inductance of a solenoid, as given in Example 30-3. 
L = 


jU 0 N 2 A 


i 


N = 


Li 


(0.13H)(0.300m) 


/u 0 A V(4^xl0 7 T.m/A)^-(0.021m)“ 


4700 turns 


|7] Because the current in increasing, the emf is negative. We find the self-inductance from Eq. 30-5. 

0.0120s 


% = -L— = -L— -> L = -%— = -(- 2.50 V) ? — 

dt At M [0.0250 A- (-0.0280 A)] 


0.566 H 


(a) The number of turns can be found from the inductance of a solenoid, which is derived in 
Example 30-3. 

ju 0 N 2 A (4/rxl0~ 7 T.m/A)(2800) 2 ;r(0.0125m) 2 


L = 


i (0.217m) 

( b ) Apply the same equation again, solving for the number of turns 


= 0.02229 H 


0.022 H 


L _ MpN-A 

i 


-> N = 


Li 


(0.02229 H) (0.217 m) 


jU (t A E(l200)(4/rxl0~ 7 T.m/A)/r(0.0125m) 2 


8 1 turns 


R 

-VW 


L 


9. We draw the coil as two elements in series, and pure resistance and 
a pure inductance. There is a voltage drop due to the resistance of 
the coil, given by Ohm’s law, and an induced emf due to the 
inductance of the coil, given by Eq. 30-5. Since the current is 
increasing, the inductance will create a potential difference to 
oppose the increasing current, and so there is a drop in the potential 
due to the inductance. The potential difference across the coil is the sum of the two potential drops. 

V ah = IR + L — = (3.00A)(3.25Q) + (0.44 H)(3.60 A/s) = 
dt 


11.3V 


10. We use the result for inductance per unit length from Example 30-5. 

„ 2*-(55xlO“ 9 H/m) 

2^/_. q„, \ v : L 


L //„ , /; 


- = -O-ln < 55 X 10" 9 H/m -> 1 : > 


l 2 K 


ne 


—(55x10 ’H/m) ~T. TtPTZ 7TT 

= (0.0030 m)e ( ” ' m/ ^ = 0.00228 m 


r. > 0.0023 m 


11. The self-inductance of an air-filled solenoid was determined in Example 30-3. We solve this 
equation for the length of the tube, using the diameter of the wire as the length per turn. 

L = MA =Pon ? At = tidl 


t = 


i 


Ld z 


(1.0H)( 


0.81x10 3 m 


jU 0 m-~ 


[4/rxlO 7 T*m/A 


j;r( 0 . 060 m)* 


= 46.16m 


46 m 


The length of the wire is equal to the number of turns (the length of the solenoid divided by the 
diameter of the wire) multiplied by the circumference of the turn. 

L = —ttD - 46 ' 16m ;r(0.12m) = 21,490m; 

d 0.81x10" m v ’ 


21 km 
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The resistance is calculated from the resistivity, area, and length of the wire. 



(l.68 x 10“ 8 Q*m)(21,490m) 
;r (0.405 xl(T 3 m) 


0.70kD 


12. The inductance of the solenoid is given by L = 


jU 0 N 2 A jU 0 N 2 xd 2 


. The (constant) length of the 


/ / 4 

wire is given by / wire = Nnd ^ , and so since d so]2 = 2.5 c/ soll , we also know that N t - 2.5 N 2 . The fact 
that the wire is tightly wound gives / ol = Nd vr Find the ratio of the two inductances. 


W N l 

4 T. 


d 1 


N: 


l 


dl 


£ 


' 7T 


wire 

2 


sol 2 


£. 


£ 




4 £. 


— d 2 n 

sol 1 


I 71 


N.d . 

1 wire 

N4 . 

1 wire 


A 

N, 


2.5 


13.| We use Eq. 30-4 to calculate the self-inductance, where 
the flux is the integral of the magnetic field over a cross- 
section of the toroid. The magnetic field inside the toroid 
was calculated in Example 28-10. 


r -'I 

L = j ® B = — \ 


N_ 

I 


P,NI 


2 nr 


-hdr — 


MoN 2 h ^ 

( \ 
A 

2 n 

vh J 



14. (a) When connected in series the voltage drops across each inductor will add, while the currents in 
each inductor are the same. 

% = \ + % l = -L x —-L 2 — = -(Tj +L 2 )— = -L — -> 

1 4 1 dt dt V 1 dt eq dt 


^eq A A 


( b ) When connected in parallel the currents in each inductor add to the equivalent current, while the 
voltage drop across each inductor is the same as the equivalent voltage drop. 
dl dl , 


, + dI i 

dt dt dt 




■ = — + — -» 


1 




Therefore, inductors in series and parallel add the same as resistors in series and parallel. 


15. The magnetic energy in the field is derived from Eq. 30-7. 


u = ■ 


Energy stored B 


Volume 




P 0 


(0.600T) 2 


B B 

Energy = \ (Volume) = \ nr 2 i = j / 7 ,.x 

ju 0 jU 0 (4^-xlO T*m/Al 


^-(0.0105m) 2 (0.380m) = 


18.9 J 


16. (a) We use Eq. 24-6 to calculate the energy density in an electric field and Eq. 30-7 to calculate the 
energy density in the magnetic field. 


u e =\s q E 2 = j(8.85 x 10~ 12 C 2 /N-m 2 )(l.0xl0 4 N/C) = 4,4x1 0~ 4 J/m 
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B 1 


(2.0 T) 2 


■ = 1.592 xlO 6 J/m 3 


1.6 xlO 6 J/m 3 


B 2// 0 2(4^ xlO' 7 T-m/A) 

(. b ) Use Eq. 24-6 to calculate the electric field from the energy density for the magnetic field given 
in part (a). 


u E — ^SqE~ — u B — ^ E — 


m; 2(1.592 XlO 6 J/m 3 ) 

I s 0 ~ y (8.85 x 10' 12 C 2 /N-m 2 ) 


6.0 xlO 8 N/C 


17. We use Eq. 30-7 to calculate the energy density with the magnetic field calculated in Example 28-12. 


B 2 


1 ( Mo I) 2 _ Mo I 2 _(4^xl0- 7 T.m/A)(23.0A) 2 


2 A, 2 a, ^ 27? 


87? 2 


8(0.280m)“ 


1.06x10“ 3 J/ 


m 


18. We use Eq. 30-7 to calculate the magnetic energy density, with the magnetic field calculated using 
Eq. 28-1. 


B 


1 


f Mol 2 _(4^xl0- 7 T.m/A)(15A) 2 


2 A) 2 a 


0 v 


2nR 


8/r 2 /? 2 


1.6 J/m 3 


8;r 2 (l.5 x 10~ 3 m) 

To calculate the electric energy density with Eq. 24-6, we must first calculate the electric field at the 
surface of the wire. The electric field will equal the voltage difference along the wire divided by the 
length of the wire. We can calculate the voltage drop using Ohm’s law and the resistance from the 
resistivity and diameter of the wire. 

V IR I pi Ip 

£ £ £/zt 2 nr 2 


u E — 2 £ 0 E — 2 £ 0 1 



2 

= 4(8.85 x 10 -12 C 2 /N*m 2 ) 

(15 A) (l.68 x 10~ 8 Q*m) 

/ \2 

\nr ) 

1 z V / 

/r(l.5xl0~ 3 m) 


5.6x10 15 J/m 3 


19. We use Eq. 30-7 to calculate the energy density in the toroid, with the magnetic field calculated in 
Example 28-10. We integrate the energy density over the volume of the toroid to obtain the total 
energy stored in the toroid. Since the energy density is a function of radius only, we treat the toroid 
as cylindrical shells each with differential volume dV = Inrhdr . 

2 


B - 


1 


u„ =- 


2 A) 2 a. 


U - 1 u B dV = | 


fA>Jvn 

2 

Mo N 2 I 2 

v 2/r r J 


%n 2 r 2 


MqN 2 ! 2 

Sn 2 r 2 


Inrhdr - 


/J 0 N 2 I 2 h p dr 
An r 


M 0 N 2 I 2 h 

( \ 

111 

An 

V r i J 


20. The magnetic field between the cables is given in Example 30-5. Since the magnetic field only 
depends on radius, we use Eq. 30-7 for the energy density in the differential volume dV = 2nrtdr 
and integrate over the radius between the two cables. 

V Mol" 


9 PJ B Jr, 


1 


2 A 


0 V 


MqI 

2nr 


2 nrdr = ; 


p dr 

Jr, -r 


An 



r \ 

H 

An 

v r J 
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21. We create an Amperean loop of radius r to calculate the magnetic field within the wire using Eq. 28- 
3. Since the resulting magnetic field only depends on radius, we use Eq. 30-7 for the energy density 
in the differential volume dV = 2 nrldr and integrate from zero to the radius of the wire. 

fadi= IhJenc -> B far) = // 0 j {jtr 2 ) -> B = -^y 

— = - f u B dV = f — f 27trdr = f *r 3 dr = 
l V 2 /j 0 \ 2kR 2 j 4 /r7? 4jo 16/r 


22. For an LR circuit, we have I - 1 (\-e ’^ T \ . Solve for t . 

’ max y J 

I ( I 

/ = / f 1 — e , r ) — > e ‘' T = 1 — > t--r In 1 

max V / j I j 


(а) I = 0.95/ max — > t = -rln 1 = -rln(l - 0.95) = 3. Or 

V ^max J 

( I ^ 

(б) / = 0.990/ max -> t = -rln 1 = -rln(l- 0.990) = |4.6r 


(c) / = 0.9990 


t = -rlnl 1 - - — = -rln(l - 0.9990) = |6.9 r 


23. We set the current in Eq. 30-11 equal to 0.03/o and solve for the time. 
/ = 0.03/ o = 7 n e~' /r —>t- -r ln(0.03) » |3.5r 


24. (a) We set / equal to 75% of the maximum value in Eq. 30-9 and solve for the time constant. 

/ = 0.75/ n = / n (l-e“ ,/r ) — > r = — — ( 2 - 56 ms ) = 1-847 ms ~[p85 ms 

0 ° V y ln(0.25) ln(0.25) 


(6) The resistance can be calculated from the time constant using Eq. 30-10. 

j? = -= 3LOmH =|i6.8Q 

r 1.847 ms 


j (a) We use Eq. 30-6 to determine the energy stored in the inductor, with the current given by Eq. 
Eq 30-9. 


U = fLI 2 = ^\(l- e -‘ /T ) 2 
it? 2 V J 


(. b ) Set the energy from part (a) equal to 99.9% of its maximum value and solve for the time. 


U = 0.999 


V 2 V 2 

I y o _ y o 

2 R 2 2 R 2 


(l - e t,T ) 2 -> t = rln(l - Vfr999) * ^6r 


26. (a) At the moment the switch is closed, no current will flow through the inductor. Therefore, the 
resistors R / and R 2 can be treated as in series. 

% = I(R x +R 2 ) 

( b ) A long time after the switch is closed, there is no voltage drop across the inductor so resistors 
R 2 and i ?3 can be treated as parallel resistors in series with R 1 . 
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(c) 


id) 


/j — / • t !■. l-l | R i /. R . . I . R . — / , A’ . 



Just after the switch is opened the current through the inductor continues with the same 
magnitude and direction. With the open switch, no current can flow through the branch with 
the switch. Therefore the current through R 2 must be equal to the current through R 2 , but in the 
opposite direction. 



After a long time, with no voltage source, the energy in the inductor will dissipate and no 
current will flow through any of the branches. 


W2=/ 3 =© 


27. (a) We use Eq. 30-5 to determine the emf in the inductor as a function of time. Since the 
exponential term decreases in time, the maximum emf occurs when t = 0. 

% = -L — = -L—\ I 0 e~‘ R,L I = = V 0 e~ ,lr -> 

dt dt L L 

(b) The current is the same just before and just after the switch moves from A to B. We use Ohm’s 
law for a steady state current to determine I, before the switch is thrown. After the switch is 
thrown, the same current flows through the inductor, and therefore that current will flow 
through the resistor R Using Kirchhoff s loop rule we calculate the emf in the inductor. This 
will be a maximum at t = 0. 





28. The steady state current is the voltage divided by the resistance while the time constant is the 
inductance divided by the resistance, Eq. 30-10. To cut the time constant in half, we must double 
the resistance. If the resistance is doubled, we must double the voltage to keep the steady state 
current constant. 

R' = 2R = 2(2200 Q) = |44QOO| V 0 ' = 2V 0 =2(240 V) = |480 V 

29. We use Kirchhoff s loop rule in the steady state (no voltage drop across the inductor) to determine 
the current in the circuit just before the battery is removed. This will be the maximum current after 
the battery is removed. Again using Kirchhoff s loop rule, with the current given by Eq. 30-11, we 
calculate the emf as a function of time. 

V~I 0 R = 0 -> lo ~~ 

K 

%- IR-0 -> % = I 0 Re~ ,lT = Vq~' ril =( i2V) e “' (2 ' 2kn)/(18mH) = (l2V)e^ 1 ' 22xI ° 5s " 1 ^ 

The emf across the inductor is greatest at t = 0 with a value of % nrdx - 12 V . 
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30. We use the inductance of a solenoid, as derived in Example 30-3: L sol = ~ • 

(a) Both solenoids have the same area and the same length. Because the wire in solenoid 1 is 1.5 
times as thick as the wire in solenoid 2, solenoid 2 will have 1.5 times the number of turns as 
solenoid 1. 


mXa 

i 


N. 


fAO 

2 

A 


= 1.5 2 = 2.25 -> 

= 2.25 

U j 


A, 


A M 0 n;a n; 

n 

( b ) To find the ratio of the time constants, both the inductance and resistance ratios need to be 
known. Since solenoid 2 has 1.5 times the number of turns as solenoid 1, the length of wire 
used to make solenoid 2 is 1.5 times that used to make solenoid 1, or l . = 1.5£ ,, and the 

diameter of the wire in solenoid 1 is 1.5 times that in solenoid 2, or d , = 1.5 d , . Use this to 

7 wire 1 wire 2 

find their relative resistances, and then the ratio of time constants. 

nil l l 

A^ wire 1 wire 1 wire 1 

V 1 V 


R, 


A 


K 


(d . J 2) d 2 . , i . . 

\ wire 1 / / wire 1 wire 1 


AW 


r 2 pK 

A . 


I 


l 


K 


(<W 2) 2 d 


wire 2 
2 


£ , 


d 


wire 2 V wire 1 J 


n 

vl-5y 


1.5 


1 


1.5 3 


Al = _ l 

R. 1.5 3 


A/A 

A/A 


A A 
A A 


t 

II 

—=1.5 

U-25 A ’ 



|3E| (a) The AM station received by the radio is the resonant frequency, given by Eq. 30-14. We divide 
the resonant frequencies to create an equation relating the frequencies and capacitances. We 
then solve this equation for the new capacitance. 


fi 



V A , 


= (l350pF) 


f 550kHz 
1600kHz 


0.16nF 


( b ) The inductance is obtained from Eq. 30-14. 

i 

1 


/ = — 


1 




2 rt\LC x An f C 4^ 2 (550x10 3 Hz)"(1350x10“ 12 f) 


62 juli 


32. (a) To have maximum current and no charge at the initial time, we set t = 0 in Eqs. 30-13 and 30-15 
to solve for the necessary phase factor tj). 


n 


I 0 = 7 0 sin <j) — > (f = — — > I(t) - 1 0 sin 


f n ^ 

COt H 

2 


= 7 0 cos cot 


r n^ 


Q(0) = Q 0 cos — =O^Q = Q 0 cos 




V ‘C j 


= -Q 0 sin (cot) 


COt H 

V 2, 

Differentiating the charge with respect to time gives the negative of the current. We use this to 
write the charge in terms of the known maximum current. 


I - - -Q 0 cocos(cot) - I 0 cos(cot) — > Q 0 =— — >■ 
dt co 


Q(t) = — sin(&tf) 
co 
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0 b ) 


33. (a) 


(b) 


( c ) 


34. (a) 


(b) 


( c ) 


35. (a) 


(b) 


As in the figure, attach the inductor to a battery and resistor for an 
extended period so that a steady state current flows through the 
inductor. Then at time t = 0, flip the switch connecting the 
inductor in series to the capacitor. 



We write the oscillation frequency in terms of the capacitance using Eq. 30-14, with the parallel 
plate capacitance given by Eq. 24-2. We then solve the resulting equation for the plate 
separation distance. 



I L(s q A! x) 


— > x ■ 


4n 2 As 0 f 2 L 


For small variations we can differentiate x and divide the result by x to determine the fractional 
change. 


dx - 4 n 2 As 0 (2 fdf ) L 


dx _ 4n 2 As 0 (2fdf)L _ 2df 
x 4n 2 AsJ 2 L f 


Ax 2Af 
x f 


Inserting the given data, we can calculate the fractional variation on x. 


x 1 MFIz 


0.0002% 


We calculate the resonant frequency using Eq. 30-14. 

= 18,450 Hz 


1 


1 




1 


18.5 kHz 


In V LC 2n]j(0A75 H)(425xl0 12 f) 

As shown in Eq. 30-15, we set the peak current equal to the maximum charge (from Eq. 24-1) 
multiplied by the angular frequency. 

I = Q 0 a> = CV(2nf) = (425 x 10“ 12 f)( 135 V)(2/r)(l8,450 Hz) 


= 6.653 xlO -3 A* 6.65 mA 


We use Eq. 30-6 to calculate the maximum energy stored in the inductor. 


U = \LI 2 =4(0.175 H)(6.653xl0‘ 3 A)~ = |3.87 //J 


When the energy is equally shared between the capacitor and inductor, the energy stored in the 
capacitor will be one half of the initial energy in the capacitor. We use Eq. 24-5 to write the 
energy in terms of the charge on the capacitor and solve for the charge when the energy is 
equally shared. 


2 C 


l -^Q. 
2 2 C 



We insert the charge into Eq. 30-13 and solve for the time. 


V2 1 

Qo - Qo COS cot -At = — COS * 

2 co 



T 

f n > 


T 

l 2 J 

2 n 

UJ 


8 
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36. Since the circuit loses 3.5% of its energy per cycle, it is an underdamped oscillation. We use Eq. 
24-5 for the energy with the charge as a function of time given by Eq. 30-19. Setting the change in 
energy equal to 3.5% and using Eq. 30-18 to determine the period, we solve for the resistance. 

Qle~ TT cos 2 (2/r) Q\ cos 2 (0) 

A E o r 1 o _r t RT 

H -- T -l = -0.035^ = ln(l- 0.035) = 0.03563 


go 2 cos 2 (0) 
2 C 


= e 


0.03563 = - 
L 


2 2/r ^ 

\~ R 271 1 

4Z(0.03563) 2 

l a' ) 

1 L j\/LC-R 2 /4L 2 

C\ 

16/r 2 + (0.03563) 2 


R = 


4 (0.065 El) (0.03563)" 


^(l.00xl0“ 6 F) 16/r 2 +(0.03563) 2 


= 1.44570 = 


1.4Q 


|37.| As in the derivation of 30-16, we set the total energy equal to the sum of the magnetic and electric 
energies, with the charge given by Eq. 30-19. We then solve for the time that the energy is 75% of 
the initial energy. 

U = U E +U B =^- + — = cos 2 (oft + </>) + sin 2 (oft + #) = ^e~ f> 

2C 2 2C v ’ 2C v ’ 2 C 


0.75-^- = -> t = ln(0.75) = ln(0.75) = 

2C 2C R v ' R v ’ 


0.29— 

R 


38. As shown by Eq. 30-18, adding resistance will |decrease| the oscillation frequency. We use Eq. 30- 
14 for the pure LC circuit frequency and Eq. 30-18 for the frequency with added resistance to solve 
for the resistance. 


1 R 2 1 

®' = (l-.0025)o -> J r = 0.9975 -> 

LC 4 L V LC 


R = J—( 1-0.9975 2 ) = U^^l-(l-0.9975 2 ) = |2.0k£2 
/C v ’ \\ (1.800 x10“ 9 f) V ’ 


39. We find the frequency from Eq. 30-23b for the reactance of an inductor. 
X l =2 nJL -> / = A*- = r = 3283 FIz 


2 nL 2/r(0.0320H) 


3300 Hz 


40. The reactance of a capacitor is given by Eq. 30-25b, X c = 


2 nfC 


(a) X c = 

(b) X c = 


2 nfC 2/r (60.0 Hz) (9.2 x 10" 6 f) 

1 _ 1 
2/r fC ~ 2^-(l.00xl0 6 Hz)(9.2xl0" 6 F) 


290 £2 


1.7xlO"‘Q 
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The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH30.XLS,” on tab “Problem 30.41.” 


42. We find the reactance from Eq. 30-23b, and the current from Ohm’s law. 
= 2/r/Z. = 2/r (33.3 x 1 0 3 Hz) (0.0360 H) = 7532 D. 

V 250 V 


75300 


V = IX, -> I = 


X, 75320 


= 0.03319A 


3.3x10- A 


43 


(a) 


(b) 


At ® = 0, the impedance of the capacitor is infinite. Therefore the parallel combination of the 
resistor R and capacitor C behaves as the resistor only, and so is R. Thus the impedance of the 
entire circuit is equal to the resistance of the two series resistors. 


Z = 


R + R' 


At o = oo, , the impedance of the capacitor is zero. Therefore the parallel combination of the 
resistor R and capacitor C is equal to zero. Thus the impedance of the entire circuit is equal to 
the resistance of the series resistor only. 


Z = 


R' 


44. We use Eq. 30-22a to solve for the impedance. 

110V 


^rms Ains^/' ^ ^ ' 


f 


Ams® 


(3.1A)2/r(60Hz) 


94 mH 


45. (a) We find the reactance from Eq. 30-25b. 

1 1 


= 2804 Q : 


2 nfC 2/r(660Hz)(8.6xl(T 8 F) 

(. b ) We find the peak value of the current from Ohm’s law. 


28000 


V=V2/ rms =V2 — = v/2 : 

peak rms 28040 


22,000 V 


1 1 A at 660 Hz 


46. (a) Since the resistor and capacitor are in parallel, they will have the same voltage drop across 
them. We use Ohm’s law to determine the current through the resistor and Eq. 30-25 to 
determine the current across the capacitor. The total current is the sum of the currents across 
each element. 
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V V , s 

i R =- ; I c = — = v {^fO) 


R 


‘c 




V(ln fC) _ R{2xfC) _ (490Q)2^(60Hz)(0.35xl0^ 6 F) 


Ir + I c v (2 xfC) + V/R R(2jifC) + \ (490 Q)2/r(60 Hz)(0.35 x 1(T 6 f) + 1 


= 0.0607* 6.1% 


(b) We repeat part (a) with a frequency of 60,000 FIz. 


1 r + I c 


(490 £2)2;r(60,000 Hz)(o.35xlO~ 6 f) 
(490 Q)2/r (60,000 Hz)(o.35 x 10 6 f) + 1 


■ = 0.9847* 98% 


47. The power is only dissipated in the resistor, so we use the power dissipation equation obtained in 
section 25-7. 

\2 , 

-R- t: K — R- II XI) A 

avg 


P mg = \llR = i(L80A) 2 (13500) = 2187 W * 


2.19kW 


48. The impedance of the circuit is given by Eq. 30-28a without a capacitive reactance. The reactance of 
the inductor is given by Eq. 30-23b. 


(a) 


Z = ^R 2 +X 2 l = ^R 2 + 4x 2 f 2 L 2 =^(10.0x10 3 q) 2 +4^ 2 (55.0Hz) 2 (0.0260H) 2 


1.00x10 Q 


(b) Z = 


yj R 2 +x[ - ^R 2 + An 2 f 2 Id =^(10.0x10 3 q) 2 +4^ 2 (5.5x10 4 Hz) 2 (0.0260H) 2 


1.34 x 10 Q 


49. The impedance of the circuit is given by Eq. 30-28a without an inductive reactance. The reactance 
of the capacitor is given by Eq. 30-25b. 


(a) Z — ^R 2 + X 2 — ^ 


= .R~ + 


1 


4 n 2 f 2 C 2 


= (75Q) 2 + 


1 


4rt 2 (60 Hz) 2 (6.8 x 10~ 6 f) 2 


= 397 fi 


400 Q 


(2 sig. fig.) 


' 

0 b ) Z = yjR 2 +X 2 c = j 


= R +■ 


1 


4n 2 f 2 C 2 


= (75Q) 2 + 


4;T (60000Hz) 2 (6.8 x10~ 6 F )‘ 


75 Q 


50. We find the impedance from Eq. 30-27. 
V 120V 


Z = 


/ 


70 x 10 A 


1700 £2 


5 1 . The impedance is given by Eq. 30-28a with no capacitive reactance. 


Z - yj R 2 + X 2 = yjR 2 + (litfL) 2 


7 =27 

^ f ^60 




s]r 2 + An 2 f 2 Is = 2 Jr 2 + An 2 (60 Hz) 2 L 2 


R 1 +47T 2 f 2 L 2 =4 R 2 + An 2 (60 Hz) 2 Id = 4R 2 + 16;r 2 (60 Hz) 2 Id 
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f 


3R 2 + 16;T (60Hz)~ L 2 _ 3 R 


4 n 2 £ 


I a 2 r 2 

An L 


+ 4 (60 Hz) 2 = 


3(2500Q) 2 
' 4k 2 (0.42H) : 


+ 4(60 Hz) 2 


= 1645Hz 


1.6 kHz 


52. (a) The rms current is the rmv voltage divided by the impedance. The impedance is given by Eq. 
30-28a with no inductive reactance, 


4 


Z - JR + Xi = R +- 


1 


(2 trfC) 2 


V 

t rms 

rms - z 


F 


120V 


R 2 +- 


1 


4n 2 f 2 L 2 


(3800Q) 2 


+ ■ 


4/r 2 (60.0Hz) 2 (0.80 x 10~ 6 f) 


120V 


= 2.379x10 A : 


2.4x10"- A 


5043 Q 

( b ) The phase angle is given by Eq. 30-29a with no inductive reactance. 

1 1 


. , -X c 4 , 2 nfC 4 

' = tan — = tan — = tan 


2^-(60.0Hz)(0.80xl0" 6 F) 


3800Q 


-41° 


R R 

The current is leading the source voltage. 

(c) The power dissipated is given by P - I 2 rms R - (0.02379A)" (6.0 x 10 3 q) = 

(d) The rms voltage reading is the rms current times the resistance or reactance of the element. 

= I m R = (2.379 x 10- 2 A)(3800Q) = 90.4 V 


2.2 W 


90 V 


(2 sig. fig.) 


V = I X r = 

rms rms C 
C 


(2.379 xlO" 2 A) 


2 nfC 2/r(60.0Hz)(0.80 x 10" 6 f) 


= 78.88 V 


79 V 


Note that, because the maximum voltages occur at different times, the two readings do not add 
to the applied voltage of 120 V. 


53. We use the rms voltage across the resistor to determine the rms current through the circuit. Then, 
using the rms current and the rms voltage across the capacitor in Eq. 30-25 we determine the 
frequency. 


/ = 


V, 


R, rms 

R 


2nCV, 


C,rms 


v. 


C,rms 


Vn 


271 fC 


2 TtCRVr 


(3.0 V) 

240 Hz 

2n\ 

(l.OxlO" 6 C)| 

[750 Q)(2.7 V) 



Since the voltages in the resistor and capacitor are not in phase, the rms voltage across the power 
source will not be the sum of their rms voltages. 
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54. The total impedance is given by Eq. 30-28a. 
Z = ^R 2 +(X L -X c y = 


= JR + 


2 ji JL- 


271 fC 


1 


(8.70x10 3 Q) 2 + 


2/r(l.00 x 10 4 Hz)(3.20 x 10" 2 h) - 


2/z-(l.00xl0 4 Hz)(6.25xl(r 9 F) 


= 8716.50 


.72 kO 


The phase angle is given by Eq. 30-29a. 


1 


-i X L ~ X c 

' = tan — ^ = tan 


2 7i fL- 
, 2 nfC 


R R 

2/r (l.OO x 10 4 Hz)(3.20 x 1(T 2 h) 


= tan 


2/r(l.00xl0 4 Hz)(6.25xl0 _9 F) 


R 


- tan 


-535.90 
8.70 x 10 3 O 


-3.52° 


The voltage is lagging the current, or the current is leading the voltage. 
The rm s current is given by Eq. 30-27. 

V_ 725 V 


/ = 


Z 8716.50 


3.32 xlO A 


|55.| (a) The rms current is the rms voltage divided by the impedance. The impedance is given by Eq. 
30-28a with no capacitive reactance. 


Z = ^R 2 +Xl = tJr 2 + {27tfL) 2 . 


V_ 


120V 


V 

j rms 

Z V R 2 + 47T 2 f 2 L 2 ^(9650) 2 +4^ 2 (60.0 Hz) 2 (0.225 H) 2 

120V 


968.70 


0.124 A 


(. b ) The phase angle is given by Eq. 30-29a with no capacitive reactance. 


-i 

’ = tan — - = tan 

R R 


1 2n ^ L - tan -1 2;r ( 60 - 0Hz )(°- 225H ) 


9650 


5.02° 


14.8 W 


The current is lagging the source voltage. 

(c) The power dissipated is given by P - / 2 ms 7? = (0.124 A)' (9650) = 

(d) The rms voltage reading is the rms current times the resistance or reactance of the element. 

^ = LJ = (0.124A)(965O) = 119.7 V * ^20V 


Km S = I m X L = - (0.124 A)2^(60.0Hz)(0.25H) = 


10.5V 


Note that, because the maximum voltages occur at different times, the two readings do not add 
to the applied voltage of 120 V. 
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56. (a) The current is found from the voltage and impedance. The impedance is given by Eq. 30-28a. 


z = Jr 2 +(x l -x c ) = r 2 + 


2 kJL- 


1 


2 7i fC 


1 


(2.0Q) 2 + 


2/r(60Hz)(0.035H)- 


2/z-(60Hz)(26x1(T 6 f) 


= 88.85 O 


V 45V 

/ = _™ = = 0.5065 A x 

rms Z 88.85 £2 

(b) Use Eq. 30-29a to find the phase angle. 


0.51 A 


1 


2nJL — 

* -iX L ~X c t , 2k fC 

' = tan — — = tan - — 

R R 

2/r(60 Hz)(0.035H)- 


1 


2/t(60Hz)(26x1(T 6 f) , —88.830 

= tan 


= tan 

2.0 D. 2.0 D. 

(c) The power dissipated is given by P - I 2 ms R = (0.5065 A)" (2.0Q) = 


0.51 W 


57. For the current and voltage to be in phase, the reactances of the capacitor and inductor must be equal. 
Setting the two reactances equal enables us to solve for the capacitance. 


X L =2nfL = X c = 


1 


2n fC 


-» C = 


1 


1 


4 n-f-L 4 k 2 (360 Hz)“ (0.025F1) 


7.8 //F 


58. 


The light bulb acts like a resistor in series with the inductor. Using the desired rms voltage across 
the resistor and the power dissipated by the light bulb we calculate the rms current in the circuit and 
the resistance. Then using this current and the rms voltage of the circuit we calculate the impedance 
of the circuit (Eq. 30-27) and the required inductance (Eq. 30-28b). 


/ 


rms 


p 


v , 


.ft, rms 


75 W 
120V 


0.625A 


R = 


V, 


ft, rms 


i 


120V 

0.625A 


= 192Q 


Z = 


v„ 


Jr 2 +(2kJL) 2 


L = 


2k f ]j 


F 


V ^mis J 


-R 1 = 


240 V 


2^(60 FIz) 0.625 A 


-(192 Q) 2 = |o,88 H 


59. We multiply the instantaneous current by the instantaneous voltage to calculate the instantaneous 

power. Then using the trigonometric identity for the summation of sine arguments (inside back cover 
of text) we can simplify the result. We integrate the power over a full period and divide the result by 
the period to calculate the average power. 

P -IV = (l 0 sin cot ) V 0 sin (cot + </>)- I 0 V 0 sin cot (sin cot cos (f> + sin (f> cos cot ) 

= I 0 V 0 ( sin 2 cot cos </> + sin cot cos cot sin <£} 
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1 T tLjl 

P = — I PdT - — ® / 0 F 0 (sin 2 ootcost/t + smcotcosajtsmtjndt 
T Jo 2n Jo v > 


2 71 2 71 

- — I 0 V 0 cos ^ ® sin 2 cot dt + — I 0 V 0 sin ^ ® sin cot cos cot dt 
In Jo In Jo 


= ^ 7 o^o cos < 
2 n 


'\2n_ 

2 


CO T rr ■ 

+ ^ / 0^0 S1I U 
2n 


r i . 2 l 2 -^ 

—sin 

1° 

v y 


|/ 0 F 0 cos < 


60. Given the resistance, inductance, capacitance, and frequency, we calculate the impedance of the 
circuit using Eq. 30-28b. 

X l = 2 nJL = 2n(660 Hz)(0.025 H) = 103.67 Cl 
1 1 


(d) 


X c = 


2 nfC 2^-(660 Hz)(2.0xl0 6 f) 


= 120.57 Cl 


Z = ^R 2 + (X l -X c ) = ^(150 O) + (103.67 O - 120.57 O) =150.95 O 

(a) From the impedance and the peak voltage we calculate the peak current, using Eq. 30-27 . 
340 V 


/ -Sl- 

0 Z 150.95 Cl 


= 2.252 A « 2.3 A 


(6) We calculate the phase angle of the current from the source voltage using Eq. 30-29a. 

, 103.67 Q- 120.57 Cl 


, X, - X c 
> = tan — — = tan 


-6.4° 


R 150 Cl 

( c ) We multiply the peak current times the resistance to obtain the peak voltage across the resistor. 
The voltage across the resistor is in phase with the current, so the phase angle is the same as in 
part ( b ). 


V 0R = I 0 R = (2.252 A)(150 Cl) = |340 V 


» = -6.4 C 


We multiply the peak current times the inductive reactance to calculate the peak voltage across 
the inductor. The voltage in the inductor is 90° ahead of the current. Subtracting the phase 
difference between the current and source from the 90° between the current and inductor peak 
voltage gives the phase angle between the source voltage and the inductive peak voltage. 


Vq L = I 0 X L = (2.252 A)(l03.67 O) = |230 V 


= 90.0° - = 90.0° - (-6.4)° = 1 96.4° 


( e ) We multiply the peak current times the capacitive reactance to calculate the peak voltage across 
the capacitor. Subtracting the phase difference between the current and source from the -90° 
between the current and capacitor peak voltage gives the phase angle between the source 
voltage and the capacitor peak voltage. 


V oc =I 0 X C =( 2.252 A)(120.57 Q) = |270 V 


= -90.0° - <f> = -90.0° - (-6.4°) = 1-83.6° 


|61.| Using Eq. 30-23b we calculate the impedance of the inductor. Then we set the phase shift in Eq. 30- 
29a equal to 25° and solve for the resistance. We calculate the output voltage by multiplying the 
current through the circuit, from Eq. 30-27, by the inductive reactance (Eq. 30-23b). 

X L =2nfL = 2/r(l75 Hz)(0.055 H) = 60.48 Cl 

60.48 Cl 


. X, n X, 
tan (f> = — - =— > R = — — 
R tan</> 


tan 25° 


■ = 129.70* 130 Cl 
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'output _V R _IR _R _ 129.70Q 

V o V <> 1Z Z ^(129.70Q) 2 + (60.48Q) 2 


62. The resonant frequency is found from Eq. 30-32. The resistance does not influence the resonant 
frequency. 

1 

2 n 


(26.0 xlO^H) (3800 x 10’ 12 f) 


5.1x10 Hz 



63. We calculate the resonant frequency using Eq. 30-32 with the inductance and capacitance given in 
the example. We use Eq. 30-30 to calculate the power dissipation, with the impedance equal to the 
resistance. 

f-. 1 1 

JO - 


2 KsjLC 


2^^(0.0300 H)(l2.0xl0~ 6 f) 


265 Hz 


R ~ ^rms^rms ^OS (f> — 



\v 

' R" 

l R ) 

rms | 

Jr, 


V 


R 


(90.0V) 2 
25. 0f2 


324 W 


64. (a) We find the capacitance from the resonant frequency, Eq. 30-32. 

1 1 


f=- — - C = 

2n\LC 4 7t~Lf; 4^ 2 (4.15 x 10~ 3 h)(33.0 x 10 3 Hz)“ 


5.60 x 10 F 


( b ) At resonance the impedance is the resistance, so the current is given by Ohm’s law. 
K 136 V 


peak 


peak 


R 38000 


35.8mA 


65. (a) The peak voltage across the capacitor is the peak current multiplied by the capacitive reactance. 

We calculate the current in the circuit by dividing the source voltage by the impedance, where 
at resonance the impedance is equal to the resistance. 

1 


V C o=X C Io = 


V n 


Va 


1 


2 rtUC R 2/r (RC) f 0 


V n 


2 TCT 


(. b ) We set the amplification equal to 125 and solve for the resistance. 

p = T n 1 1 1 


->R = 


2m 2n f 0 RC 2 nf Q pC 2/t(5000Hz)(125)(2.0x10 _9 f) 


1300 


66. (a) We calculate the resonance frequency from the inductance and capacitance using Eq.30-32. 

f-. 1 1 

Jo - 


2rt4LC 


2/r ^(0.055 H)(l.0xl0^ 9 f) 


= 21460 Hz « 21kHz 


( b ) We use the result of Problem 65 to calculate the voltage across the capacitor. 


^co=- 


K 


1 


2.0 V 


2 tr(RC) f 0 2/r(35 O)(l.0xl0^ 9 f)(21460 Hz) 

(c) We divide the voltage across the capacitor by the voltage source. 


420 V 


V, 


co 


K 


420 V 
2.0 V 


210 
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61 \ (a) We write the average power using Eq. 30-30, with the current in terms of the impedance (Eq. 

30-27) and the power factor in terms of the resistance and impedance (Eq. 30-29b). Finally we 
write the impedance using Eq. 30-28b. 

V„ 


R — Ams^rms COS (j) — 


-v„ 


R Cs R 


z ms z 


VqR 


R 2 +(coL-\/coC) 2 


( b ) The power dissipation will be a maximum when the inductive reactance is equal to the 
capacitive reactance, which is the resonant frequency. 


/ = 


2/rVZc 


(c) We set the power dissipation equal to '/> of the maximum power dissipation and solve for the 
angular frequencies. 


P = -P = — 


V 2 R 


R 2 +{coL-\/coC) 2 


— > 0 — co"LC±RCco — \ — > co — 


f Y£R> 

2 R 2 


-» 


{aoL-X/coC) - ±R 


±RC±slR 2 C 2 +4LC 


2LC 


We require the angular frequencies to be positive and for a sharp peak, R 2 C 2 4LC . The 
angular width will then be the difference between the two positive frequencies. 

2^/Zc ±RC 1 


co- 


2LC JLC 2 L 


± — — >• A co = 


f 1 R 'l 


( 1 R^ 


R 

o| 
+ 
to I 
| 


1 

to I 

I 


L 


68. (a) We write the charge on the capacitor using Eq. 24-1, where the voltage drop across the 

capacitor is the inductive capacitance multiplied by the circuit current (Eq. 30-25a) and the 
circuit current is found using the source voltage and circuit impedance (Eqs. 30-27 and 30-28b). 


Qo ~ CV co = CI 0 X c = C 




w c = 


CVn 


coCjR 2 + (coL-l/ co C) 



V 

L 2 r 2 + 

c o 2 L-l/C ) 2 


( b ) We set the derivative of the charge with respect to the frequency equal to zero to calculate the 
frequency at which the charge is a maximum. 

-V 0 (2 co'R 1 + 4 co' 2 L 2 - Aco'L l c) 


dQo = d 

dco dco 


Vn 


co' 2 R 2 +(® ,2 fr-l/c) 2 co' 2 R 2 +(co' 2 L-\/c) 


- = 0 


— ^ CO — 


1 _ R 2 

Tc 2t7 


(c) The amplitude in a forced damped harmonic oscillation is given by Eq. 14-23. This is 
equivalent to the LRC circuit with F 0 <-> V 0 , k 1 / C, m <-» L, and b <-> R. 


69. Since the circuit is in resonance, we use Eq. 30-32 for the resonant frequency to determine the 
necessary inductance. We set this inductance equal to the solenoid inductance calculated in 
Example 30-3, with the area equal to the area of a circle of radius r, the number of turns equal to the 
length of the wire divided by the circumference of a turn, and the length of the solenoid equal to the 
diameter of the wire multiplied by the number of turns. We solve the resulting equation for the 
number of turns. 
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fo = 


InpLC 


-A L = 


1 


/ u q N 2 A _ v 2 nr 


nr 


^ 2 foC 


Nd 


-> 


N = 


nflCn f win 


n 


(l8.0xl0 3 Hz) 

2.20x1(T 7 f) 

An x 10 7 T»m/Aj 

[12.0m) 2 


37 loops 


1.1x10 

3 m 



70. The power on each side of the transformer must be equal. We replace the currents in the power 
equation with the number of turns in the two coils using Eq. 29-6. Then we solve for the turn ratio. 


z 

f I \ 

2 


p = I 2 Z n = P = I 2 Z , -> -d 7 - = 


— 

p 

L s 

l 7 J 






5, 

N. 


45 x 10 3 Q 


TO Cl 


75 


71. (a) We calculate the inductance from the resonance frequency. 

, _ 1 

fo ~ ;= 


L = 


InpLC 
1 

.2 rl. 


1 


■ = 0.03982 H ; 


0.040 H 


An f a C 4^ 2 (l7xl0 3 Hz)“(2.2xl0 _9 F) 

(b) We set the initial energy in the electric field, using Eq. 24-5, equal to the maximum energy in 
the magnetic field, Eq. 30-6, and solve for the maximum current. 


±CV 2 = Er i 2 

o ' n o -L-/1 ir .„ 


^ -*max 


lev 2 

(2.2xl0 _9 F)(l20V) 2 


0.028 A 

L V 

(0.03984H) 


(c) The maximum energy in the inductor is equal to the initial energy in the capacitor. 
-jCV 0 2 =y(2.2xlQ~ 9 F)(l20V) 2 — |T6/aT 


U 


L, max 


72. We use Eq. 30-6 to calculate the initial energy stored in the inductor. 
U 0 = j Lll =4(0.0600 H) (0.0500 A) 2 = 


7.50x 10~ 5 J 


We set the energy in the inductor equal to five times the initial energy and solve for the current. We 
set the current equal to the initial current plus the rate of increase multiplied by time and solve for the 
time. 


U = \U 1 / = 


/ = 7 0 + (3t -> t = 7 7 ° 


J2JJ 12^5.0x7.50x10 5 jj 
~U~\ 0.0600 H 


= 111. 8mA 


P 


1 1 1 .8mA -50.0mA 
78.0mA/s 


0.79s 


73. 


When the currents have acquired their steady-state 
values, the capacitor will be fully charged, and so no 
current will flow through the capacitor. At this time, 
the voltage drop across the inductor will be zero, as the 
current flowing through the inductor is constant. 
Therefore, the current through R / is zero, and the 
resistors IC and R_i can be treated as in series. 


R i = 1.0 kQ 



R , = 4.0 kQ 
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R | + R^ 5.0kT2 


= 2.4 mA ; 1 2 - 0 


74. ( a ) The self inductance is written in terms of the magnetic flux in the toroid using Eq. 30-4. We set 
the flux equal to the magnetic field of a toroid, from Example 28-10. The field is dependent 
upon the radius of the solenoid, but if the diameter of the solenoid loops is small compared with 
the radius of the solenoid, it can be treated as approximately constant. 

_ N<S> b _ d 2 (//pMfafj ) _ ju 0 N 2 d 2 

~~T~ 7 8/7 

This is consistent with the inductance of a solenoid for which the length is £ = 2n r 0 . 

( b ) We calculate the value of the inductance from the given data, with r 0 equal to half of the 
diameter. 


ju 0 N 2 d 2 _( 4^xl0- 7 T.m/A)(550) 2 (0.020 m) 2 
8 r 0 “ 8(0.33 m) 


75. We use Eq. 30-4 to calculate the self inductance between the two wires. We calculate the flux by 
integrating the magnetic field from the two wires, using Eq. 28-1, over the region between the two 
wires. Dividing the inductance by the length of the wire gives the inductance per unit length. 


JtsL + — SA Mr' = tst f' ' I + > 

I I ' r 2nr 2 /r(f-r') 2n * r r' (f-r') 


Ro^[ ( - r J_ + L_ 

9 TT Jr r' ( £ — r r 


— — ^0 
h 2 k 


[in (/•') -ln( £-/•') J 


= In 


= —Inf ^ 


76. The magnetic energy is the energy density (Eq. 30-7) multiplied by the volume of the spherical shell 
enveloping the earth. 

B 2 / „ , (0.50x10^t 7 r , , 2/ , A — 

U = u B V = ( \nr 2 h ) = — r 1 — r 4k 6.38 x 10 6 m | (5.0xl0 3 m) =2.5xl0 ls J 

B 2ju f) 1 ’ 2 4/rxlO- 7 T.m/A . V ’ 1 7 


77. (a) For underdamped oscillation, the charge on the capacitor is given by Eq. 30-19, with <j> - 0. 
Differentiating the current with respect to time gives the current in the circuit. 

« t dO - R t ( R 

Q(t)-Q 0 e 21 cos co't ; I(t) - — = -Q 0 e 2L — cosco't + co'smco't 

dt \2L 

The total energy is the sum of the energies stored in the capacitor ( Eq. 24-5) and the energy 
stored in the inductor (Eq. 30-6). Since the oscillation is underdamped ( of » R / 2L ), the 
cosine term in the current is much smaller than the sine term and can be ignored. The frequency 
of oscillation is approximately equal to the undamped frequency of Eq. 30-14. 
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( b ) We differentiate the energy with respect to time to show the average power dissipation. We 
then set the power loss per cycle equal to the resistance multiplied by the square of the current. 
For a lightly damped oscillation, the exponential term does not change much in one cycle, while 
the sine squared term averages to Vi . 


dU _ d 
dt dt 


Qy 


2 C 


\ 




2 -ft 


2LC 


P = -I 2 R = -Q 2 ^ (co' 2 sin 2 co’t) ~ - 0; V*' 


f 1 ^ 

rn 


0 — — t 

RQ]e L 

UcJ 

UJ 


2LC 


The change in power in the circuit is equal to the power dissipated by the resistor. 

78. Putting an inductor in series with the device will protect it from sudden surges in current. The 
growth of current in an LR circuit is given is Eq. 30-9. 

The maximum current is 33 mA, and the current is to have a value of 7.5 mA after a time of 75 
microseconds. Use this data to solve for the inductance. 

/ 


/ = / (l - e -tR/i ) 

max y J 

tR 


— > e 


-tR/L _ 


1- 


-> 


L--- 


(75xl0^sec)(l50Q) 


In 


1 -- 


V 


In 


J 


1- 


v 


7.5mA 
33 mA 


= 4.4x10 -H 


Put an inductor of value 4.4 x 10 *H in series with the device. 


79. 


We use Kirchhoff s loop rule to equate the input voltage to the voltage drops across the inductor and 

Rt_ 

resistor. We then multiply both sides of the equation by the integrating factor e L and integrate the 

ML ML ML / 

right-hand side of the equation using a u substitution with u - IRe L and du - dIRe ' + le ' dt/L 


dl 

V in =L — + IR 
dt 


— > 



+ IR 


'dt = 



L i 
IR—e‘ 
R 


= V„ 


L ml 

— e L 

R 


Ml 

For L/ R«t , e L « 1 . Setting the exponential term equal to 
unity on both sides of the equation gives the desired results. 




80. (a) 


Since the capacitor and resistor are in series, the impedance of the circuit is given by Eq. 30- 
28a. Divide the source voltage by the impedance to determine the current in the circuit. 
Finally, multiply the current by the resistance to determine the voltage drop across the resistor. 


V R = IR = y~R = 
R Z 


V,R 


^R 2 + l/(2^/C) 2 
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(!30mV)(550 O) 


(550 Q) 2 + l/ 2/r(60 Hz)(l.2xl0~ 6 f) 

( b ) Repeat the calculation with a frequency of 6.0 kHz. 

(!30mV)(550 Q) 


31 mV 


V R = 


~l2 


130 mV 


((550 Q) 2 +1/^2^(6000 Hz)(l.2xl0~ 6 f) 

Thus the capacitor allows the higher frequency to pass, but attenuates the lower frequency. 

81. ( a ) We integrate the power directly from the current and voltage over one cycle. 

, T 2 n In 

Y p 1 QJ |« QJ p 

P = — IVdt - — m 7 0 sin(6>t)F 0 sin(&»t + 90°)rft = — ® 7 0 sm(cot)V 0 cos[cot)dt 

T Jo 9 77" » 0 9 77" » 0 


- ^—1 V 

- ~ I o y o 

2 n 


sin 




2;r 


2a> 




An 


sin 


\ 2 n 


- sm 


( 0 ) 


= 0 


( b ) We apply Eq. 30-30, with <j> = 90° . 

P = / nm F rms cos90° = i 

As expected the average power is the same for both methods of calculation. 


82. Since the current lags the voltage one of the circuit elements must be an |inductor| . Since the angle is 
less than 90°, the other element must be a resistor . We use 30-29a to write the resistance in terms of 
the impedance. Then using Eq. 30-27 to determine the impedance from the voltage and current and 
Eq. 30-28b, we solve for the unknown inductance and resistance. 

tan^ = — » R - 2nfL cot tf 


R 


V 

^ _ rms 


L = 


= ^R^ +(2 nfL) = (2 nfL cot <f>) +(2n/if = 2nfLyj\ + cox’ tf 

120V 


V „ 


2 nf I nBS yJl + cot’ 0 2/r(60Hz)(5.6A)Vl + cot 2 65° 

R = 2nf Lcot^ = 2/r (60 Hz) (51. 5 mH) cot 65° = 9.1 £2 


= 51.5mH 


52 mH 


83. We use Eq. 30-28b to calculate the impedance at 60 Hz. Then we double that result and solve for the 
required frequency. 


Z 0 = ^R 2 + (2nf 0 L) =^(3500Q) +[2^(60 Hz)(0.44H)] =3504Q 

\JaZq -R 2 _^/4(3504Q) 2 -(3500Q) 2 _ 


2Zq = \JR 2 + {2nfL} 


2nL 


2/r(0.44H) 


2.2kHz 


84. (a) We calculate capacitive reactance using Eq. 30-25b. Then using the resistance and capacitive 
reactance we calculate the impedance. Finally, we use Eq. 30-27 to calculate the rms current. 
1 1 


X c = 


2/r fC 2/r(60.0Hz)(l.80xl0~ 6 F) 


= 1474 £2 


z = ^R 2 +X 2 = J( 5700Q) 2 + (1474Q) 2 = 5887Q 
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V 

j _ rms 


120V 

5887Q 


= 20.38mA: 


20.4mA 


(. b ) We calculate the phase angle using Eq. 30-29a. 


1 ~Xr -1 
1 = tan — = tan 


-1474Q 


-14. 5 C 


2.37 W 


R 5700Q 

(c) The average power is calculated using Eq. 30-30. 

P = / rms E rms cos^ = (0.0204 A)(l20V)cos(-14.5°) = 

(d) The voltmeter will read the rms voltage across each element. We calculate the rms voltage by 
multiplying the rms current through the element by the resistance or capacitive reactance. 

V R = I rms R = (20.38mA)(5.70kQ) = I 


116V 


^c=^c = (20.38mA)(l474Q) = 


30.0V 


Note that since the voltages are out of phase they do not sum to the applied voltage. Elowever, 
since they are 90° out of phase their squares sum to the square of the input voltage. 


85.| We find the resistance using Ohm’s law with the dc voltage and current. When then calculate the 
impedance from the ac voltage and current, and using Eq. 30-28b. 

120V 


/ 2.5 A 


180 


V 

^ _ mis 


3.8A 


= 31.580 


R 2 + (2nJL) ->L = 


\Jz 2 — R 2 _^(31.58Q) 2 -(l8Qp 


2 nf 


In (60 Hz) 


69 mH 


86. (a) From the text of the problem, the Q factor is the ratio of the voltage across the capacitor or 

inductor to the voltage across the resistor, at resonance. The resonant frequency is given by Eq. 
30-32. 


Q = H = I « X L 


2 nf a L _ 2n\LC L 


K 


I R 


R 


R 


1 L 
R\C 


( b ) Find the inductance from the resonant frequency, and the resistance from the Q factor. 

i_ IX 

2 n\LC 
1 


L = 


1 


An 


l Cfo An 2 (l.O x 10 _8 f)(i. 0 x 10 6 Hz^ 


■ = 2.533 xl0"H 


2.5 x 10 H 


_ 1 IT _ 1 IT _ 1 2.533 x 10~ 6 H 

R\C ^ R ~ Q\C~ 350 V 1.0x10 _8 F 


4.5 x 10”“O 


87. We calculate the period of oscillation as 2rc divided by the angular frequency. Then set the total 
energy of the system at the beginning of each cycle equal to the charge on the capacitor as given by 
Eq. 24-5, with the charge given by Eq. 30-19, with cos + - cos [&>'(? + J) + = 1 . We take 

the difference in energies at the beginning and end of a cycle, divided by the initial energy. For small 
damping, the argument of the resulting exponential term is small and we replace it with the first two 
terms of the Taylor series expansion. 
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T = 


2n In 


CO CO 


Qo e cos 2 {alt + tf) Q\ e 


^max 


2 C 


-'Ll f+— 

\u _ - Qo e (0 

u 


2 n R 


Ql e 


= l — e mL ~ 1 - 


1 - 


2 C 

2nR A 
coL 


2nR 

coL 


2n 


Q 


We set the power factor equal to the resistance divided by the impedance (Eq. 30-28a) with the 
impedance written in terms of the angular frequency (Eq. 30-28b). We rearrange the resulting 
equation to form a quadratic equation in terms of the angular frequency. We divide the positive 
angular frequencies by 2k to determine the desired frequencies. 


, R R 

cos <p - — = , 

Z ^R 2 + {coL-\/coC) 2 


-> co 2 LC±coC. R 2 


1 


--1 


cos 


-1 = 0 


co 2 (0.033H)(55 x 10 9 f) ± <y(55 x 10~ 9 F)^j(l500Q) 2 
(1.815 x10 9 F.h)w 2 ±(4.782 x10 4 Q-f)®-1 = 0 


0 . 1 7 2 


— 1 


-1 = 0 


±4.78225 x 10~ 4 Q-F ± 4.85756 x lO^Q-F 


G> = - 


3.63x10 F*E1 


.. _ co _ 2.65 x 10 5 rad/s 
2 n 2 n 


42kElz 


and 


= ±2.65 xlO 5 rad/s, ± 2.07 x 10 3 rad/s 
2.07 xlO 3 rad/s 


2 n 


330Hz 


89. (a) We set V - V 0 sin cot and assume the inductive reactance 
is greater than the capacitive reactance. The current will 
lag the voltage by an angle </>. The voltage across the 
resistor is in phase with the current and the voltage 
across the inductor is 90° ahead of the current. The 
voltage across the capacitor is smaller than the voltage in 
the inductor, and antiparallel to it. 

(. b ) From the diagram, the current is the projection of the 
maximum current onto they axis, with the current 
lagging the voltage by the angle (/>. This is the same 
angle obtained in Eq. 30-29a. The magnitude of the maximum current is the voltage divided by 
the impedance, Eq. 30-28b. 



I(t) = /„ sin(r»t -</>) = 


V n 


R 2 + (coL-l/ coC) 


^sin [cot -(f) 


i = tan 


coL - 1 /coC 
R 


90. ( a ) We use Eq. 30-28b to calculate the impedance and Eq. 30-29a to calculate the phase angle. 
X l -coL- (754 rad/s) (0.0220 El) = 16.59Q 

X c = 1/fflC = l/(754 rad/s) (0. 42 x 10 6 f) = 31580 


Z = ^R 2 +(X L -X c f = y(23.2 x 1 0 3 o) + [16.590 - 3158 Q] 2 = 

16.59Q-3158Q 


23.4 kQ 


X, - AT 

i = tan — — = tan 

R 


23.2 x 10 3 fl 


= -7.71° 
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(b) We use Eq. 30-30 to obtain the average power. We obtain the rms voltage by dividing the 
maximum voltage by \[l . The rms current is the rms voltage divided by the impedance. 


P = cosd> = 


vi 


vi 


-cos < 


-COS y — — v- 

2Z 2(23.4x10 3 Q) 


(0.95V)' 


cos 


(-7.71°)= 19//W 


(c) The rms current is the peak voltage, divided by \fl , and then divided by the impedance. 
Vjsfl _ 0.95V/V2 


/ = 


■ = 2.871 x 10 A ; 


29//A 


Z 23.4 x 10 J £2 

The rms voltage across each element is the rms current times the resistance or reactance of the 
element. 


V R = I rms R = (2.871 x 10' 5 A)(23.2 x 10 3 o) = |0.67V 
E c =/ nns X c = (2.871xl0- 5 A)(3158Q) 
^=/rms^=(2.871xlO' 5 A)(l6.59Q) 


0.091V 


4.8 x 10 V 


|9T] (a) The impedance of the circuit is given by Eq. 30-28b with X L > X c and R = 0 . We divide the 
magnitude of the ac voltage by the impedance to get the magnitude of the ac current in the 
circuit. Since X L > X c , the voltage will lead the current by (/> - nj 2. No dc current will flow 
through the capacitor. 


V, t 


V 0 


20 


Z = JR 2 +(wL-l/wC) =coL-llcoC I 0 =-^- = - 

v Z coL- 1/coC 


/(<)= 


v . 


20 


coL - VcoC 


-sin 


(at-Tt/ 2) 


(b) The voltage across the capacitor at any instant is equal to the charge on the capacitor divided by 
the capacitance. This voltage is the sum of the ac voltage and dc voltage. There is no dc 
voltage drop across the inductor so the dc voltage drop across the capacitor is equal to the input 
dc voltage. 

v - V -V = — -V 

y out,ac y out y 1 £ y 1 

We treat the emf as a superposition of the ac and dc components. At any instant of time the 
sum of the voltage across the inductor and capacitor will equal the input voltage. We use Eq. 
30-5 to calculate the voltage drop across the inductor. Subtracting the voltage drop across the 
inductor from the input voltage gives the output voltage. Finally, we subtract off the dc voltage 
to obtain the ac output voltage. 


dl d 
V, =L — = L — 
dt dt 


Vo 


20 


V 20 Lco 


coL - 1 IcoC 


coL - 1 IcoC 


-sin(ft»t) 


-sin(erf-/r/2) 


V 20 Lco 
<aL-\/(oC 


-cos 


(< mt-n/2 ) 


Kut =V in -V L =V l + V 20 sin cat - 


Voq Leo 
coL - \lcoC 


-sm 


(®0 


= Ei+F, 


20 


1 -- 


La> 


a>L-\lcoC 


V CAyj—J A. I U/\-y J 

\ f 

sin(®t) = Fj -V 20 


y 


1/caC 


v 


coL-\ coC 


sin(®t) 
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V -V -V =-V, 

v out.ac y out r 1 r 2 


20 


1/fflC 


a>L - \/coC 


sin 


(®0 = 


f > ] 

sin (cot-n) 

{ctTLC - lj 



( c ) The attenuation of the ac voltage is greatest when the denominator is large. 

1 


co LC » 1 — >coL » 


coC 


-*x L »x c 


We divide the output ac voltage by the input ac voltage to obtain the attenuation. 


V- 


20 


V 2 yut _ orLC-L _ 


1 


V, 


V, 


20 


co l LC - 1 


co 2 LC 


(i d) The dc output is equal to the dc input, since there is no dc voltage drop across the inductor. 


^l,out = ^l 


92. Since no dc current flows through the capacitor, there will be no dc current through the resistor. 
Therefore the dc voltage passes through the circuit with little attenuation. The ac current in the 
circuit is found by dividing the input ac voltage by the impedance (Eq. 30-28b) We obtain the output 
ac voltage by multiplying the ac current by the capacitive reactance. Dividing the result by the input 
ac voltage gives the attenuation. 

1 


V- 


2,out 


= IX C = 


ViqXc 


V, 


Jr 


2 +x 2 


-» 


2,out 


V- 


20 


Jr 


oo L +1 


1 


RcoC 


93. (a) Since the three elements are connected in parallel, at any given instant in time they will all three 
have the same voltage drop across them. That is the voltages across each element will be in 
phase with the source. The current in the resistor is in phase with the voltage source with 
magnitude given by Ohm’s law. 


1 r (0 — 


K 

R 


-sm cot 


0 b ) 


The current through the inductor will lag behind the voltage by n/2, with magnitude equal to the 
voltage source divided by the inductive reactance. 


h(f) = 


A 

x, 


-sm 


^ /r^ 

cot 

2 


(c) 


The current through the capacitor leads the voltage by n/2, with magnitude equal to the voltage 
source divided by the capacitive reactance. 


I c (t) — 


A 

x r 


-sm 


^ 7T^ 

COt H 

2 


id) 


The total current is the sum of the currents through 
each element. We use a phasor diagram to add the 
currents, as was used in Section 30-8 to add the voltages 
with different phases. The net current is found by 
subtracting the current through the inductor from the 
current through the capacitor. Then using the Pythagorean 
theorem to add the current through the resistor. We use 
the tangent function to find the phase angle between the 
current and voltage source. 


ho 

V 

ho-lLo 

/(» 

/ / 1 \ho 
/ f 1 / 

\ cot 

/ v 0\l 


\ v 

ho 


^o = 


Jho + {ho ho) - Jf R 


+ 


K K 


Ac 


X 


c J 



RcoC 


RcoL 
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( e ) We divide the magnitude of the voltage source by the magnitude of the current to find the 
impedance. 



(/) The power factor is the ratio of the power dissipated in the circuit divided by the product of the 
rm s voltage and current. 



94. We find the equivalent values for each type of element in series. From the equivalent values we 
calculate the impedance using Eq. 30-28b. 



95. If there is no current in the secondary, there will be no induced emf from the mutual inductance. 
Therefore, we set the ratio of the voltage to current equal to the inductive reactance and solve for the 
inductance. 


V ^ L = X l =2 rcfL^>L = 


220 V 


2/r// rms 2/r(60Hz)(4.3A) 



96. (a) We use Eq. 24-2 to calculate the capacitance, assuming a parallel plate capacitor. 


(5.0)(8.85xl0 _12 C 2 /N-m 2 )(l.0xl0' 4 m 2 ) 


d 2.0x10 3 m 

(. b ) We use Eq. 30-25b to calculate the capacitive reactance. 

1 1 


= 2.213 x 10~ 12 F « 2.z 


2 nfC 2/r(l2000Hz)(2.2xl0" 12 F) 


= 5.995 xlO°Q« 6.0MQ 


(c) Assuming that the resistance in the plasma and in the person is negligible compared with the 
capacitive reactance, calculate the current by dividing the voltage by the capacitive reactance. 

/ «-^- = — 25QQV = 4.17x 10~ 4 A » |o.42mA| 


0 X c 5.995 x 10 6 Q 
This is not a dangerous current level. 
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(d) We replace the frequency with 1.0 MHz and recalculate the current. 


Jo. 


= 2n fCV 0 = 2/r(l.0x 10 6 Hz)(2.2 x 10“ 12 f)(2500 V) = 


35 mA 


This current level is dangerous. 


|97.| We calculate the resistance from the power dissipated and the current. Then setting the ratio of the 
voltage to current equal to the impedance, we solve for the inductance. 


P ~ Anis^ R ~ JT 


Z = ^=Jr 2 +(2k/L) 


350W 

(4.0A) 2 


= 21 . 880 * 


220 


L = 


JjVms/Innsf-R 2 ^(120 V/4.0 A) 2 - (2 1 .88 Q) 2 


2 nf 


2;r(60Hz) 


54 mH 


98. We insert the proposed current into the differential equation and solve for the u nk nown peak current 
and phase. 

V 0 sin cot - T-^-[/ 0 sin (cot - J + RI 0 sin (cot-<f>) 

= LcoIq cos (cot -</>) + RI 0 sin (cot -0) 

= LcoIq (cos cot cos <j> + sin cot sin <f>) + RI 0 (sin cot cos <j) - cos cot sin <f>) 

= ( Lcol 0 cos <j> - RI 0 sin^)cos&rf + ( Lcol 0 sin^ + RI 0 cos^)sin®t 

For the given equation to be a solution for all time, the coefficients of the sine and cosine terms 
must independently be equal. 


For the cos cot term: 


coL 


0 = Lcol 0 cos </>-RI 0 sin cj) — > tan cj> = > 

R 

For the sin nit term: 

V 0 - Lcol 0 sin cf + RL 0 cos ^ 


> = tan 


_i coL 
R 




K 


K 


Lcosvncj) + Rcoscj) coL 


+ R- 


R 


siR 2 + co 2 L 2 s/r 2 + co 2 L 2 


K 


sJr 2 + co 2 Is 


99. The peak voltage across either element is the current through the element multiplied by the 

reactance. We set the voltage across the inductor equal to six times the voltage across the capacitor 
and solve for the frequency in terms of the resonant frequency, Eq. 30-14. 


V L = Iq2tc fC = 6F C = 


6 I n 


2 nfC 


-> 


-> / = —, — = V6/ 0 

2k V LC — — 
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100. We use Kirchhoffs junction rule to write an equation relating 
the currents in each branch, and the loop rule to write two 
equations relating the voltage drops around each loop. We 
write the voltage drops across the capacitor and inductor in 
terms of the charge and derivative of the current. 


R 


I r — 1 l + Ic 


V 0 sin ntf - I r R - ^ - = 0 


V 0 sin cot - I r R -L < ^ x = 0 
dt 



We combine these equations to eliminate the charge in the capacitor and the current in the inductor 
to write a single differential equation in terms of the current through the resistor. 
dl, V 0 . I r R 

dt L L 


dl c d 2 (Q t 
dt 

dl n 


C 


, dl n 


dt 2 


■■ — j(CV 0 sincot - I r RC)~ -CV 0 a > 2 sin cot-RC- 

dr dr 


dt 


dl, dl r V () . I r R 2 ■ dip 

— - + — — = — -sin cot + — CF n a r sm cot - RC — 

dt dt L L dt 2 


We set the current in the resistor, I R = I 0 sin (cot + <p) = I 0 (sin cot cos (/> + cos cot sin <j>) , equal to the 
current provided by the voltage source and take the necessary derivatives. 

I 0 — (sin cot cos ^ + cos cot sin (j) ) = — sin cot - ( sin cot cos (p + cos cot sin (p ) -CV 0 co 2 sin cot 
dt E E 


-RCI 0 — -{sm cot cost/) + cos cot sintj)) 


V , n 


LR 


I n R 


I O co cos cot cos </>- 1 0 co sin cot sin </> = — sincot — — sin cot cos ^ cos cot sin (f> - CV 0 co~ sin cot 


+ RCIqCO" sin cot cosc^a R CI Q co~ cos cot sin c/> 

Setting the coefficients of the time dependent sine and cosine terms separately equal to zero enables 
us to solve for the magnitude and phase of the current through the voltage source. We also use Eq. 
30-23b and Eq. 30-25b to write the inductance and capacitance in terms of their respective 
reactances. 

From the cos(mt) term: 


T A d^COR j, -'0 

4, co cos m- r "~ J ' 


X , 


4, Roo . , 

svn 0 — sm®-> tan <z> = 


AA 




R(x l -x c ) 


-> (b = tan 


x i x c 


R{x l ~ x c ) 


From the sin(mt) term: 


r . , ho LcoR , V n co Rl n co 
-I^cosmcp-— cos^-- 


X L X L 


X r 


X r 


cos< 


h = 


K (A "A) 


X C X L sin </) + R^X C - X^costp 


v o( x c-X L ) 


X C X L 


x c x L 


J( x c x l ) 2 + R 2 ( x c- x J 
v 0 {x c -x L ) 


+r(x c -x l ) 


H x c~ x l) 


yl(X c X L ) 2 +R 2 ( x c-X L ) 2 


J(XcX L f+R 2 (X c -X L f 
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This gives us the current through the power source and resistor. We insert these values back into 
the junction and loop equations to determine the current in each element as a function of time. We 
calculate the impedance of the circuit by dividing the peak voltage by the peak current through the 
voltage source. 



101. (a) The resonant frequency is given by Eq. 30-32. At resonance, the impedance is equal to the 
resistance, so the rms voltage of the circuit is equal to the rms voltage across the resistor. 

/ = \= = , 1 = 71 18 Hz s 1 7.1 kHz 

2WTC 2/rJ(0.0050H)(0.10xl0~ 6 F) 


( b ) We set the inductance equal to 90% of the initial inductance and use Eq. 30-28b to calculate the 
new impedance. Dividing the rms voltage by the impedance gives the rms current. We 
multiply the rms current by the resistance to determine the voltage drop across the resistor. 

X r = = 7 — = 223.60 

2 nfC 2/r(7118Hz)(0.10xl0~ 6 F) 

X l = 2 7tfL = 2/r(71 18Hz)(0.90)(0.0050H) = 201.30 
Z = Jr 2 +(X L -X c f = J( 45O ) 2 + (201.3Q-223.6Q) 2 = 50.240 


50.240 


V„„ c = I0.90E 


102. With the given applied voltage, calculate the rms current through each branch as the rms voltage 
divided by the impedance in that branch. 

V 

j _ rms t 

1 C,rms / ^ iT 1 1, rms 

■s/R?+x 2 c 

Calculate the potential difference between points a and b in two ways. First pass through the 
capacitor and then through R 2 . Then pass through Ri and the inductor. 

v ab =i c x c -i L R 2 = - 

4 R " +X c 
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V ab = -I c R l +X L I L =- 


KmA_ 

'rI+x 2 c 


- + 


V X 

y rms ^ L 




Set these voltage differences equal to zero, and rearrange the equations. 




2 _ 


A 2 +x c JrZ+x 


= 0 -+X c ^R 2 + X 2 l =R 2y jRf+X t 


V rms R l 




R;+Xl 


,+ 


V X 


i 


Rl+Xi 


= 0 -+R,JR;+Xl =X L 


R; + xl 


Divide the resulting equations and solve for the product of the resistances. Write the reactances in 
terms of the capacitance and inductance to show that the result is frequency independent. 



I R 2+X 2 l _ R 2 ^R{+X 2 ^ dd _ vv _coL V 

L 

R\ R 2 = ~ 
1 2 c 

rJ 

Rl+Xl XJR 2 + X 2 IZ 


103.1(a) 


The output voltage is the voltage across the capacitor, which is the current through the circuit 
multiplied by the capacitive reactance. We calculate the current by dividing the input voltage 
by the impedance. Finally, we divide the output voltage by the input voltage to calculate the 
gain. 


Ku t = ix c =- 


V;X r 






JrXx 2 Jr/X c ) 2 + 1 ^2k fCR) 2 


+ 1 


V 

v m 


1 

^4 K 2 f 2 C 2 R 2 + 1 


( b ) As the frequency goes to zero, the gain becomes one. In this instance the capacitor becomes 
fully charged, so no current flows across the resistor. Therefore the output voltage is equal to 
the input voltage. As the frequency becomes very large, the capacitive reactance becomes very 
small, allowing a large current. In this case, most of the voltage drop is across the resistor, and 
the gain goes to zero. 

(c) See the graph of the log of the gain as 
a function of the log of the frequency. 

Note that for frequencies less than 
about 100 Hz the gain is — 1 . For 
higher frequencies the gain drops off 
proportionately to the frequency. The 
spreadsheet used for this problem can 
be found on the Media Manager, with 
filename “PSE4_ISM_CH30.XLS,” 
on tab “Problem 30.103c.” 



104. (a) The output voltage is the voltage across the resistor, which is the current through the circuit 
multiplied by the resistance. We calculate the current by dividing the input voltage by the 
impedance. Finally, we divide the output voltage by the input voltage to calculate the gain. 
V m R V m R 2k fCRV m 


F,„ =IR = 


Jr 


2 + X C 


R 2 + 


1 

2k fC 


(2 k fCR) 2 + 1 
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Kn 

( b ) As the frequency goes to zero, the gain drops to zero. In this instance the capacitor becomes 
fully charged, so no current flows across the resistor. Therefore the output voltage drops to 
zero. As the frequency becomes very large, the capacitive reactance becomes very small, 
allowing a large current. In this case, most of the voltage drop is across the resistor, and the 
gain is equal to unity. 


2 nfCR 

^4ft 2 fC 2 R 2 + 1 


(c) See the graph of the log of the gain as 
a function of the log of the frequency. 
Note that for frequencies greater than 
about 1000 Hz the gain is — 1 . For 
lower frequencies the gain drops off 
proportionately to the inverse of the 
frequency. The spreadsheet used for 
this problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH30.XLS,” on tab 
“Problem 30.104c.” 



log/ 


105. We calculate the resonant frequency using Eq. 30-32. 

a» n = /— — = , 1 =20,000rad/s 


4lc 


^(50x10- 6 h)(50x10~ 6 f) 


Using a spreadsheet, we calculate the impedance as a function of frequency using Eq. 30-28b. We 
divide the rms voltage by the impedance to plot the rms current as a function of frequency. The 
spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH30.XLS,” on tab “Problem 30.105.” 



co/coo 
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Responses to Questions 

[f] The magnetic field will be clockwise in both cases. In the first case, the electric field is away from 

d ® 

you and is increasing. The direction of the displacement current (proportional to — ) is therefore 

dt 

away from you and the corresponding magnetic field is clockwise. In the second case, the electric 
field is directed towards you and is decreasing; the displacement current is still away from you, and 
the magnetic field is still clockwise. 

2. The displacement current is to the right. 

3. The displacement current is spread out over a larger area than the conduction current. Thus, the 
displacement current produces a less intense field at any given point. 

i/O 

4. One possible reason the term s 0 h can be called a “current” is because it has units of amperes. 

5. The magnetic field vector will oscillate up and down, perpendicular to the direction of propagation 
and to the electric field vector. 

6. No. Sound is a longitudinal mechanical wave. It requires the presence of a medium; electromagnetic 
waves do not require a medium. 

[ 7 ] EM waves are self-propagating and can travel through a perfect vacuum. Sound waves are 

mechanical waves which require a medium, and therefore cannot travel through a perfect vacuum. 

8. No. Electromagnetic waves travel at a very large but finite speed. When you flip on a light switch, it 
takes a very small amount of time for the electrical signal to travel along the wires. 

9. The wavelengths of radio and television signals are longer than those of visible light. 

10. The wavelength of the current is 5000 km; the house is only 200 km away. The phase of the current 
at the position of the house is 2n/25 radians different from the phase at the source due to the position 
of the house. 


1 1 . The signals travel through the wires at close to the speed of light, so the length of the wires in a 
normal room will have an insignificant effect. 

12. 10 3 km: radio wave; 1 km: radio wave; 1 m: microwave; 1 cm: microwave; 1 mm: microwave or 
infrared; 1 pm: infrared. 


13. 


Y es, although the wavelengths for radio waves will be much longer than for sound waves, since the 
radio waves travel at the speed of light. 
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14. Both cordless phones and cellular phones are radio receivers and transmitters. When you speak, the 
phone converts the sound waves into electrical signals which are amplified, modulated, and 
transmitted. The receiver picks up the EM waves and converts them back into sound. Cordless 
phones and cell phones use different frequency ranges and different intensities. 

15. Yes. If one signal is sent by amplitude modulation and the other signal is sent by frequency 
modulation, both could be carried over the same carrier frequency. There are other ways two signals 
can be sent on the same carrier frequency which are more complex. 

16. The receiver’s antenna should also be vertical for the best reception. 

17. Diffraction is significant when the order of magnitude of the wavelength of the waves is the same as 
the size of the obstacles. AM waves have longer wavelengths than FM waves and will be more 
likely to diffract around hills and other landscape barriers. 

18. It is amplitude modulated, or AM. The person flashing the light on and off is changing the amplitude 
of the light (“on” is maximum amplitude and “off’ is zero). The frequency of the carrier wave is just 
the frequency of the visible light, approximately 10 14 to 10 15 Hz. 


Solutions to Problems 


i V 

[T| The electric field between the plates is given by E - — , where d is the distance between the plates. 

d 


„ V dE 1 dV 

E = — -> — = 

d dt d dt 


^_L ^ 

v 0.001 lm j 


(120 V/s) = 


1.1x10 


V/m 


2. The displacement current is shown in section 3 1 - 1 to be I D = s 0 A 

dF ( 

I D =S 0 A — = (8.85 xlO~ 12 C 2 /N-m 2 ) (0.058 m) 2 2.0x10 

dt v ' I m*s 


dE_ 
dt 
6 V 


6.0 x 10 A 


3. The current in the wires must also be the displacement current in the capacitor. Use the 
displacement current to find the rate at which the electric field is changing. 

(2.8A) 


dE dE I n 

Id=£o a — -> “ 

dt 


dt s 0 A (8.85x 10“ 12 C 2 /N -m 2 )(0. 0160m) 2 


1.2x10 


15 V 


m*s 


4. The current in the wires is the rate at which charge is accumulating on the plates and also is the 
displacement current in the capacitor. Because the location in question is outside the capacitor, use 
the expression for the magnetic field of a long wire. 

| 21 (l0~ 7 T.m/A)2(38.0xl0- 3 A) 

R ~ 


B — fF- — f Ao ^ 


2nR l 4 n 


(0.100m) 


7.60 x 10~ 8 T 


After the capacitor is fully charged, all currents will be zero, so the magnetic field will be zero. 
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V 

5. The electric field between the plates is given by E = — , where d is the distance between the plates. 

d 

dE 

The displacement current is shown in section 3 1 - 1 to be I D = s 0 A — . 

dt 


dE 1 dV s n A dV 

I D = s 0 A — = s 0 A = 

dt d dt d dt 


C- 


. dV 
dt 


6. (a) The footnote on page 816 indicates that Kirchhoff s junction rule is valid at a capacitor plate, 

and so the conduction current is the same value as the displacement current. Thus the 

maximum conduction current is 35//A 


(b) The charge on the pages is given by Q - CV = C\ cos cot. The current is the derivative of this. 
dO 

I = -eoC% sin cot ; = coC\ -> 

dt 

2 max d i.\ d 


(35 x 1(T 6 a) 

(l.6 x 10 3 m 

) 

2 k (76.0 Hz) (8.85 x 1(E 12 C 2 /n • m 2 ) 

n (0.025m) 2 


= 6749 V 


6700 V 


(c) From Eq. 31-3, I D = 


dO E 

dt 


T d ® E 
E = 


dt 


-» 


r d® E ' 

dt j 


(4) n 


35 x 10 A 


1.85 x 10~ 12 C/N • m 2 


4.0 x 10 6 V*m/s 


|7] (a) We follow the development and geometry given in Example 31-1, using R for the radial 

V 

distance. The electric field between the plates is given by E - — , where d is the distance 

d 


$B.rf£ = - d ® E 


-» 


5 ( 2 ^path) = AoA 


d 


between the plates. 

: Mn £ n 

dt v F “ u,/ ' " u dt 

The subscripts are used on the radial variable because there might not be electric field flux 
through the entire area bounded by the amperian path. The electric field between the plates is 

given by E - — - — S ‘ - n ^ , where d is the distance between the plates. 
d d 


5 ( 2 ^pa,h) = AoA 


d(*RLE) 


dt 




B = d ( E ) = /TAo^aux cog ( 2 -ft) - cog 


2 rcR 


path 


dt 


2 nR 


path 


R 


(2xft) 


path 


We see that the functional form of the magnetic field is B = B 0 ( R) cos (2^ ft) 
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( b ) If R < R 0 , then there is electric flux throughout the area bounded by the amperian loop, and so 


R . — R„ — R. 

path tlux 


M 0 £ 0 R L nfV { ; 


xfr 0 


b 0 (R<R 0 ) = = Mq£o = 


/r(60Hz)(l50V) 


^pa.h d 


d (3.00 x10 s m / s) (5.0 x 10~ 3 m) 


-R 


= (6.283 xlO _11 T/m)i? * (6.3 x 10' 11 T/m)/? 


If R> R 0 , then there is electric flux only out a radial distance of R 0 . Thus i? path = R and 


^flux =^o- 


1 ^(60Hz)(l50V)(0.030m) 2 1 

B 0 \ R>R 0 )= — — = M 0 £ o = 


^path d 


d R 


(3.00 x 10 s m/s)" (5.0 xl0~ 3 m) 


R 


(5.655 x lCT 14 T*m)— « 

(5.7 x lCT l4 T*m) — 

V ’ R 

V ’ R 


(c) See the adjacent graph. Note that the 
magnetic field is continuous at the 
transition from “inside” to “outside” the 
capacitor radius. The spreadsheet used 
for this problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH31.XLS,” on tab 
“Problem 31.7c.” 


1. Use Eq. 31-1 1 with v = c. 

E ± _ 0.57x1 0~ 4 V/m 



B„ 


3.00x10 m/s 


1.9 x 10 T 


9. Use Eq. 31-1 1 with v = c. 


B„ 


■ c -> E 0 - B 0 c = (l2.5 x 10 9 t)(3.00 x 10 s m/s) = 3.75 V/m 


can be found from Eq. 31-11 with v - c. 

£ ms = cB ms =(3.00 x 10 8 m/s)(7.75 x 1Q- 9 t) = |2.33 V/r 


80.0 kHz 





= 

2.33 V/m 


The electric field is perpendicular to both the direction of travel and the magnetic field, so the 


electric field oscillates along the | horizontal north-south line 


11. (a) If we write the argument of the cosine function as kz + cot = k(z + ct), we see that the wave is 


traveling in the | - z direction!, or 


-k 
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(b) E and B are perpendicular to each other and to the direction of propagation. At the origin, the 
electric field is pointing in the positive x direction. Since ExB must point in the negative z 


direction, B must point in the the | - y direction! , or -j . The magnitude of the magnetic field is 


found from Eq. 31-11 as B 0 = E 0 /, 


12. The wave equation to be considered is v' 




d 2 E d 2 E 


dx dt 


2 ’ 


(a) Given E(x,t)-Ae 


= Ae " (J [-2 a(x-vt)] 


d~E 

'dx 2 

dE 


= Ae- a(x ~ v,r (-2a) + [-2a (x - vf )J = -2a Ae^^ 1-2 a(x- vt) 


-a(x-vt)' 


-a(x-vt ) 2 


— = Ae a(<x [-2a (x- v^)(-v)] = Ae a(<x vt ^ [2 av(x-v^)] 


d 2 E 

~dF 


- Ae (~2av 2 'j + Ae a ^ x 17 ' [2av(x-vt)] = -2 av 2 Ae “ <A 17 ' l-2a(x-vt) 


d 2 E oE 

We see that v 2 — — = — — , and so the wave equation is satisfied. 

dx 2 dt 2 4 

-( ax 2 -v/) 


(. b ) Given E(x,t) = Ae 


dE . -(aA-vt) 

— = Ae K 1 
dx 


d 2 E 


(-2 ax) 


dx 


— = Ave 
dt 


= Ae^ ax u \-2a) + Ae ^ ax u \-2ax) 2 = -2aAe ^ ax '^[l-2ax 2 J 
= Av 2 e 


dE t -fax 2 -w) d~E . 2 -{ax 1 -vt} 


dr 

This does NOT satisfy = since -2 av 2 Ae ^ fl — 2 ax 2 l^ Av 2 e i 

dx 2 dt 2 1 J 

general. 


d 2 E d 2 E 


m 


13. | Use Eq. 3 1-14 to find the frequency of the microwave. 

(3.00 xlO 8 m/s) 


c = Af -> / = t = 


A (l.50xl0‘ 2 m) 


2.00 x 10 0 Hz 


14. Use Eq. 3 1-14 to find the wavelength and frequency. 

(3.000 xlO 8 m/s) 


(a) c = Af T = — = 


(b) c = Af -> / = - = 


/ (25.75 x 10 9 Hz) 

(3.00 xlO 8 m/s) 

A ~ (o. 12 x 10“ 9 m) ~ 


1.165x 10~ 2 m 


2.5 x 10 8 Hz 
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15. Use the relationship that d = vt to find the time. 

7 d 

d -vt — » t - — 


( 1 .50 x 10 m) , , 


A —A = 5.00 x 10 2 s = 

8.33 min 

(3.00 x10 s m/s) 



16. Use Eq. 31-14 to find the wavelength. 

c (3.00 x10 s m/s) 
c — Af — ^ A — — — ■ 


/ (8.56 x 10 14 Hz) 


3.50 x 10“ 7 m 


= 311 nm 


This wavelength is just outside the violet end of the visible region, so it is | ultraviolet. 

17. (a) Use Eq. 3 1-14 to find the wavelength. 

c (3.00 x10 s m/s) 
c = Af T = — = - 


3.00 x 10 5 m 


/ (l.OOxlO'Hz) 

(. b ) Again use Eq. 3 1 - 1 4, with the speed of sound in place of the speed of light. 

v = V -> A = ^ = . (34 ‘ m/s) 


/ (l.OOxlO’Hz) 


0.341m 


(c) [No|, you cannot hear a 1000-Elz EM wave. It takes a pressure wave to excite the auditory 

system. Elowever, if you applied the 1000-Hz EM wave to a speaker, you could hear the 1000- 
Elz pressure wave. 

18. The length of the pulse is Ad - cAt. Use this to find the number of wavelengths in a pulse. 

(cAt) (3.00 x 10 8 m/s)(38 x 10“ 12 s) 

N = 2 = a 7 A - , = 10734 ; 


A 


(1062 x 10 _9 m) 


1 1,000 wavelengths 


If the pulse is to be only one wavelength long, then its time duration is the period of the wave, which 
is the reciprocal of the wavelength. 

1 X (l 062 x 10~ 9 m) 


/ c (3.00 xlO 8 m/s) 


3.54 x 1 0 15 s 


1 9. | (a) The radio waves travel at the speed of light, and so Ad = vA t. The distance is found from the 
radii of the orbits. For Mars when nearest the Earth, the radii should be subtracted. 

A d (227.9 x 10 9 m - 149.6 x 10 9 m) 

At = A- ’ 

c 


(3.000 xlO 8 m/s) 


261s 


(. b ) For Mars when farthest from Earth, the radii should be subtracted. 

A d (227.9 x 10 9 m + 149.6 x 10 9 m) 

At = A- ’ 

c 


(3.000 x 10 s m/s) 


1260s 


20. (a) The general form of a plane wave is given in Eq. 31-7. For this wave, E x = E 0 sin (kz - cot). 

2 n 


A=A = . 


k 0.011m: 


- 81.60m i 


82 m 


co 2.3 xlO 7 rad/s 6 

f - — = — = 3.661 x 10 EIz 

2 n Ik 


3.7 MHz 


Note that Af = (8 1 .60 m) (3 .66 1 x 1 0 6 Hz ) = 2.987 x 1 0 8 m/s « c. 
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( b ) The magnitude of the magnetic field is given by B 0 - E 0 /c. The wave is traveling in the 

k direction, and so the magnetic field must be in the j direction, since the direction of travel is 
given by the direction of E x B. 


B E 0 225 V/m 
0 c 3.00 xlO 8 m/s 


= 7.50 x 10“ 7 T -> 


B 


j(7.50xl0 _7 T)sin[(0.077m _1 )z-(2.3xl0 7 ra d/s)*] 


21 . The eight-sided mirror would have to rotate 1/8 of a revolution for the succeeding mirror to be in 
position to reflect the light in the proper direction. During this time the light must travel to the 
opposite miiTor and back. 

Ad {(2;rrad) (/rrad)c (/r rad) (3.00 x 10 8 m/s 
At (2 A jc/c) 8 Ax 8(35 x 10 3 m) 

22. The average energy transferred across unit area per unit time is the average magnitude of the 
Poynting vector, and is given by Eq. 3 1 - 1 9a. 

S = \s 0 cEl = ±(8.85 x 10~ 12 C 2 /N-m 2 )(3.00 x 10 8 m/s)(0.0265 V/m) = 


9.32 x 10~ 7 W/m 2 


3400 rad/s (3.2xl0 4 rev/min) 


23. The energy per unit area per unit time is given by the magnitude of the Poynting vector. Let AU 
represent the energy that crosses area A in a time AT. 


S = 


cBi 


A U 


At = 


Mo AAt 

mAU 


-» 


(4k x 10^ 7 T.m/A)(335j) 


AcB 


(l.OO x 10~ 4 m 2 )(3.00 x 10 s m/s)(22.5 x IO^t)' 


= 0.194 w/ 


m 


2,77 x 1 0 7 s | « 321 days 


24. The energy per unit area per unit time is given by the magnitude of the Poynting vector. Let AU 
represent the energy that crosses area A in a time At. 

AU 


s = cs 0 E; ms = 


AAt 




AU 

At 


= cs 0 E^A 


= (3.00 x 10 8 m/s)(8.85 x 10 12 C 2 /N -m 2 )(0.0328 V/m) 2 (l.OO x 10“ 4 m 2 )(3600s/h) 


1.03xl0“ 6 J/h 


25 


The intensity is the power per unit area, and also is the time averaged value of the Poynting vector. 
The area is the surface area of a sphere, since the wave is spreading spherically. 



(1500 W) 
4/r(5. 0m)‘ 


4.775W/m 2 


4.8 W/m 2 


S=ce 0 E 2 ms 


— » E = 



4.775W/m 2 


(3.00 x 10 s m/s)(8.85 x 10“ 12 C 2 /N • m 2 ) 


42 V/m 
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26. (a) We find fusing Eq. 31-1 1 with v = c. 

E = cB = ( 3.00 x 10 8 m/s)(2.5 x 10~ 7 t) = [75V/m 


( b ) The average power per unit area is given by the Poynting vector, from Eq. 3 1 - 1 9a. 
(75V/m)(2.5x IQ" 7 !) 


— _ E 0 B 0 


(2 Mo) [2(4/z-x1(T 7 N-s7C 2 )~ 


7.5 W/ 


nr 


27. From Eq. 31-1 6b, the instantaneous energy density is u = s 0 E 2 . From Eq. 31-17, we see that this 
instantaneous energy density is also given by S/c. The time-averaged value is therefore S/c. 
Multiply that times the volume to get the energy. 


U = uV = -V= 1350 W / m fl.OOm 3 ) = |4.50 x 10~ 6 J 
c 3.00 xlO 8 m/s v ’ 


28. The power output per unit area is the intensity, and also is the magnitude of the Poynting vector. Use 
Eq. 3 1 - 1 9a with rms values. 


S ~ ~ ~ C£ 0 E mi S 


E m , = 


0.0158W 


B = 


, Acs o Vx(l.OO xl0“ 3 m)" (3.00 x 10 8 m/s)(8.85 x 10' 12 C 2 /N • m 2 ) 

= 1376.3 V/m * |l380V/m 
E 1376.3 V/m 


3.00 xlO 8 m/s 


4.59 x 10~ 6 T 


29. The radiation from the Sun has the same intensity in all directions, so the rate at which it reaches the 
Earth is the rate at which it passes through a sphere centered at the Sun with a radius equal to the 
Earth’s orbit radius. The 1350 W/m 2 is the intensity, or the magnitude of the Poynting vector. 

S = — -> P = SA = 4ttR 2 S = 4^(1.496 x 10 n m) 2 (l350 W/m 2 ) = 


3.80 x 10 26 W 


30. (a) The energy emitted in each pulse is the power output of the laser times the time duration of the 
pulse. 

AW AW = PAt = (l.8 x 10 11 W)(l.0 x 10“ 9 s) : 


P = 


At 




180J 


( b ) We find the rms electric field from the intensity, which is the power per unit area. That is also 
the magnitude of the Poynting vector. Use Eq. 3 1-1 9a with rms values. 




£ = 


p - 

1 

(1.8 x 10 U W) 

l 

1 A cs a ]j 

n\ 

(2.2x1 (Urn) 

2 

i 1 

(3.00 

ixl0 8 m/s)(8 

1.85 x 10~ 12 C 2 /N • m 2 ) 


2.1 x 10 9 V/ 


m 
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\ In each case, the required area is the power requirement of the device divided by 10% of the intensity 
of the sunlight. 

, . , P 50 x 10“ 3 W . in _ 4 2 [7 V 

(a) A- — - — - = 5x10 m = 5 cm' 

/ 100W/m' 

A typical calculator is about 17 cm x 8 cm, which is about 140 cm 2 . So yes| , the solar panel can 
be mounted directly on the calculator. 

/ U\ A P 1500 W 2 | on 2 ~| ^ 

( b ) A = J = — — ^ = 15m « [20m_J (to one sig. fig.) 

A house of floor area 1000 ft 2 would have on the order of 100 m 2 of roof area. So yes, a solar 
panel on the roof should be able to power the hair dryer. 

^ ,_P_20hp(7 46W / h p)_ i/iQ , r— T1 , • „ . , 


(c) A = - = ^ — 

/ 100W/m 2 


■ = 149m 2 « 100m 2 (to one sig. fig.) 


This would require a square panel of side length about 12 m. So [noj, this panel could not be 
mounted on a car and used for real-time power. 

32. (a) Example 31-1 refers back to Example 21-13 and ^ , . 

Figure 21-31. In that figure, and the figure included ^ 

here, the electric field between the plates is to the right. / \ 

The magnetic field is shown as counterclockwise / / \ 

circles. Take any point between the capacitor plates, / V ° 

and find the direction of E x B. For instance, at the H— X- g L ► 

top of the circle shown in Figure 31-4, E is toward the \ V — - ■ — ► 

viewer, and B is to the left. The cross product ExB \ \ I 

points down, directly to the line connecting the center 'v S\. y 

of the plates. Or take the rightmost point on the circle. 

E is again toward the viewer, and B is upwards. The cross product ExB points to the left, 
again directly to the line connecting the center of the plates. In cylindrical coordinates, 

E = E k and B = B ip. The cross product k x (p = -? . 

(/;) We evaluate the Poynting vector, and then integrate it over the curved cylindrical surface 

dE 

between the capacitor plates. The magnetic field (from Example 31-1) is B -\iu 0 s Q r Q — , 

dt 

- - 1 _ _ dE 

evaluated at r - r 0 . E and B are perpendicular to each other, so S = — ExB = \s 0 r 0 E — , 

Mo " dt 

inward. In calculating jj S*c/A for energy flow into the capacitor volume, note that both S and 
dA point inward, and that S is constant over the curved surface of the cylindrical volume. 


JJ WA = JJ SdA = sjj dA - SA- S2irr {) d = \s 0 r 0 E 


— 2nrJ = sJnr:E — 


JJ JJ JJ u z uu dt u u u dt 

The amount of energy stored in the capacitor is the energy density times the volume of the 
capacitor. The energy density is given by Eq. 24-6, u = \s 0 E 2 , and the energy stored is the 

energy density times the volume of the capacitor. Take the derivative of the energy stored with 
respect to time. 

U - u (Volume) = \s f) E 2 nr~d — > = s 0 E7tr 2 d 


We see that jj Sv/A 
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33. (a) The intensity from a point source is inversely proportional to the distance from the source. 

7- 2 ’ ' 

/, 


Star- 
Nun _ Earth 


/ r 

1 Star 'Sun- 


\L 

“ ^ r Star- — Nun- . I . 

Earth Earth V 1 < 


Sun 


= (l.496x 10 n m) J- 


iiy 


1350 W/m 2 


x 10“ 23 W/m 2 l 9.46x1 0 15 m 


= 1.84xlO s ly*[2xl(fly 
( b ) Compare this distance to the galactic size. 

1.84xl0 8 ly 


Star- 

Earth 


■ = 1840* 2000 


galactic size 1 x 1 0 5 ly 
The distance to the star is about 2000 times the size of our galaxy. 


34. We assume the light energy is all absorbed, and so use Eq. 3 1-2 la. 

75W 

S 4/r(8.0xl0~ 2 mV — -j—r 

P = — = -r-± /— = 3.108 x 10“ 6 N/m 2 * 3.1xlO‘ 6 N/m 2 


c (3.00 x 10 8 m/s) 


The force is pressure times area. We approximate the area of a fingertip to be 1.0 cm 2 . 


F — PA = (3. 108 x 10“ 6 N/m 2 )(l.OxlQ^m 2 ) = |3.1xlO~ 10 N 


35. The acceleration of the cylindrical particle will be the force on it (due to radiation pressure) divided 
by its mass. The light is delivering electromagnetic energy to an area A at a rate of 

dU 

— 1 .0 W. That power is related to the average magnitude of the Poynting vector by S = 
dt A 


From Eq. 3 1-2 la, that causes a pressure on the particle of P - — , and the force due to that pressure 

c 

is F hixr = PA. Combine these relationships with Newton’s second law to calculate the acceleration. 
The mass of the particle is its volume times the density of water. 

„ S . IdU 

F iaser = PA = - A = = mo = p^nrra -> 

c c dt 


dU I dt 


(1.0W) 


c Pn.,o Kr (3.00 x 10 8 m/s) (lOOO kg/m 2 ) ^(5 x 10“ 7 m) 


8 xlO 6 m/s 2 


36. (a) The light is delivering electromagnetic energy to an area A of the suit at a rate of = 3.0 W. 

dt 

That power is related to the average magnitude of the Poynting vector by S = From 


A 


2 S 


Eq. 3 1 -2 lb, that causes a pressure on the suit of P = — , and the force due to that pressure is 

c 

Fj aser = PA. Combine these relationships to calculate the force. 

f ^-_ pa PA a PJAL-_ 43.0W) 
c c dt 3.00 x10 s m/s 


2.0 x 10~ 8 N 
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( b ) Use Newton’s law of universal gravitation, Eq. 6-1, to estimate the gravitational force. We take 
the 20 m distance as having 2 significant figures. 

mm / \ (l.03xl0 5 kg)(l20kg) 

= G shuttle f stronaut - (6.67 x 10~" N«m 2 /kg 2 )- ^ - 

r 2 V ' ’ (20m) 2 


F =i 

grav 


= 2.061 x 10“ 6 N » 2.1 x 10“ 6 N 


(c) [The gravity force is larger, by a factor of approximately 100. 


|37.| The intensity from a point source is inversely proportional to the distance from the source. 


1 Earth 


r S» _ (7.78xi0"m) i 


Jupiter r Sun- (l .496 X l 0* ' Hi) 

FartH V ' 


= 27.0 


So it would take an area of |27m 2 at Jupiter to collect the same radiation as a 1.0-m 2 solar panel at 
the Earth. 


38. Use Eq. 31-14. Note that the higher frequencies have the shorter wavelengths. 
(a) For FM radio we have the following. 


k = - = 


2.78m 


(3.00 xlO 8 m/s) 
f~ (l.08xl0 8 Hz) 

( b ) For AM radio we have the following. 


c (3.00 xlO 8 m/s) 

to A = - = \ — V 

/ (8.8x10 7 Hz) 


3.41m 


A = — = 


(3.00 xlO 8 m/s) 
f~ (l.7xl0 6 Hz) 


180m 


to A = — = 


(3.00 xlO 8 m/s) 
/ ~ (5.35 x 10 5 Hz) 


561m 


39. Use Eq. 31-14. 


A = - = 


(3.00 xlO 8 m/s) 
f~ (l.9xl0 9 Hz) 


0.16m 


2n 2 k 

40. The resonant frequency of an LC circuit is given by / = — = 

co \ LC 


We assume the inductance is 


constant, and form the ratio of the two frequencies. 

2 7t 


a _ _ (5 

f 2 _2x_ yj Ci 

4lc 2 


-> C 2 = 


'£>* 
\fu 


c ,= 


550kHz 

1610kHz 


(2200pF) = 260pF 


41. The resonant frequency of an LC circuit is given by / = — = . Solve for the inductance. 

2 n InsjLC 

f _ 1 1 
J 2;rslLC ^ 4 n 2 f 2 C 


47T 2 f 2 C 4^ 2 (88x10 6 Hz) 2 (620x10“ 12 f) 
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E 2 A 2 r2 


f 2 C 4x 2 (108 xl0 6 Hz)~ (620 x 10 12 F) 


= 3.5x10 9 H 


The range of inductances is 3.5x10 9 H<T<5.3xlO 9 H 


42. The rms electric field strength of the beam can be found from the Poynting vector. 

E = C£ 0 E rms 


E . = 


Acs n 


1.2 x 10 4 W 


U(750m) 2 (3.00 x 10 8 m/s)(8.85 x 10“ 12 C 2 /N • m 2 ) 


1.6V/m 


|43.| The electric field is found from the desired voltage and the length of the antenna. Then use that 
electric field to calculate the magnitude of the Poynting vector. 


V ms LOO x 10 V 
ms d 1.60m 


6.25 x 10“ 4 V/m 


V 

m 

d 2 


S = c£ 0 E; ms =ce 0 ^ f = (3.00 x 10 8 m/s) (8.85 x 10' 12 C : 


■/N. m 4'- oox '°y 

’ (1.60m) 1 


1.04 x 10“ 9 W/ 


nr 


44. We ignore the time for the sound to travel to the microphone. Find the difference between the time 
for sound to travel to the balcony and for a radio wave to travel 3000 km. 

d„ A 


^radio 6uund 


1 radio 

c J 


( d A 

^ sound 


f 3x 10 6 m "I 


4 50m 9 

V ^sound J 


v 3.00 x 10 8 m/s y 


v 343 m/s y 


= -0.14s, 


so the | person at the radio hears the voice 0. 14 s sooner. 


45. The length is found from the speed of light and the duration of the burst. 
d = ct = (3.00 x 10 8 m/s)(l0“ 8 s) = | 


3 m 


46. The time travel delay is the distance divided by the speed of radio waves (which is the speed of 
light). 


d 3x10 m 
c 3.00 x10 s m/s 


0.01s 


47. The time consists of the time for the radio signal to travel to Earth and the time for the sound to 
travel from the loudspeaker. We use 343 m/s for the speed of sound. 


I ^radio ^sound 


d. 




radio 
c J 


+ 


d„ 


A f 3.84 x 10 8 m A 


V Found J 


v 3.00 x 10 m/s 
Note that about 5% of the time is for the sound wave. 


+ 


f 25m A 
343 m/s 


1.35s 


48. (a) The rms value of the associated electric field is found from Eq. 24-6. 


u = U 0 E 2 = s 0 Els 


-> E^=\— = 


4 x 10~ 14 j/m 3 
.85 x 10^ 12 C 2 /N-m 2 


= 0.0672 V/m « 0.07 V/m 
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(b) A comparable value can be found using the magnitude of the Poynting vector. 

2 P 

S = s Q cE ms = - — - -> 

4 nr 

1 [ P 1 7500 W — 

7 ~ E rms ]]4n£ 0 c ” 0.0672 V/m ^ 4/r(8.85 x l(T 12 C7n-m 2 )(3.00 x 10 8 m/s) 


= 7055m « 


7 km 


49. The light has the same intensity in all directions, so use a spherical geometry centered on the source 
to find the value of the Poynting vector. Then use Eq. 3 1 - 1 9a to find the magnitude of the electric 
field, and Eq. 31-11 with v - c to find the magnitude of the magnetic field. 


p 

S = V °- = 

A 4 nr 


— - 

2 2 




E 0 = . 


1 2 nr cs n 


(75 W) 


1 2^(2. 00m) 2 (3.00 x 10 8 m/s)(8.85 x 10‘ 12 C 2 /n-m 2 ) 


= 33.53 V/m 


34 V/m 


B Eq (33.53 V/m) 

° c (3.00 x10 s m/s) 


1.1 x 10“ 7 T 


50. The radiation from the Sun has the same intensity in all directions, so the rate at which energy passes 
through a sphere centered at the Sun is P = 5'4/t/^ 2 . This rate must be the same at any distance from 
the Sun. Use this fact to calculate the magnitude of the Poynting vector at Mars, and then use the 
Poynting vector to calculate the rms magnitude of the electric field at Mars. 


^Mars ( 4 ^Mars ) = 5 Earth ( 4 ^Lh ) 


_Cv V = V 
^ ‘“’Mars 0 Earth 


f n 2 

^Earth 

r>2 

V Mars J 


- cs n E 

0 rms 


2 

rm 
Mars 


-» 


E m is - 

Mars 


I^Earth 

( D ^ 

^ Earth 

1 

1350W/m 2 

f 1 ) 

1 C£ 0 

V -^Mars J 

(3.00 x 10 s m/s)(8.85 x 10“ 12 C 2 /n-m 2 ) 

v 1-52 J 


469 V/m 


5 1 . The direction of the wave velocity is the direction of the cross product ExB. “South” crossed into 
“west” gives the direction downward . The electric field is found from the Poynting vector, Eq. 31- 
19a, and then the magnetic field is found from Eq. 31-11 with v = c. 


S = Us 0 E 0 - 


-» 



= 649 V/m « 650V/m 


52. From the hint, we use Eq. 29-4, which says % = % sin cot - NBAcosincot. The intensity is given, and 
this can be used to find the magnitude of the magnetic field. 

S = 5 m ,= ; % = % ) smcot = NBAcosmcot -> 

A, Bo V c 
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« = NAcoB,., 



= (320)^(0.01 lm) 2 2^-(810xl0 3 Hz), 


1(4 n x 10“ 7 N*s 2 /C 2 )(l.0xl0“ 4 W/m 2 ) 


3.00 xlO 8 m/s 


4.0 x 10“ 4 V 


53. ( a ) Since intensity is energy per unit time per unit area, the energy is found by multiplying the 
intensity times the area of the antenna times the elapsed time. 

0.33m 


U = IAt — (l.O x 10“ 13 W/m 2 )/r[^^p^ j (6.0h)(3600s/h) = 


1.8 x 10 10 J 


( b ) The electric field amplitude can be found from the intensity, which is the magnitude of the 

Poynting vector. The magnitude of the magnetic field is then found from Eq. 31-11 with v - c. 


r - if rF 2 — »■ 

1 2 —f 


E 0 = 


2| 

O 

X 

o 

lr 

l 

(8.85xl(T 1: 

2 C 2 /N-m 2 ) 

(3.00xl0 8 m/s) 


= 8.679 xl0“ 6 V/m 


8.7 x 10“ 6 V/m 


_ E 0 _ 8.679 x IQ" 6 V/m 
0 c 3.00xl0 8 m/s 


2.9 x 10 _14 T 


54. Use the relationship between average intensity (the magnitude of the Poynting vector) and electric 
field strength, as given by Eq. 31-1 9a. Also use the fact that intensity is power per unit area. We 
assume that the power is spherically symmetric about source. 


S = \s n cE 2 = — = ■ 


A 4 nr~ 




I 2 7T£ 0 cE 0 


25, 000 W 


12^(8.85 x 10“ 12 C 2 /N-m 2 )(3.00xl0 8 m/s )(0.020V/ 

m ) 


= 61,200m 


61km 


Thus, to receive the transmission one should be within 6 1 km of the station. 


|55.| The light has the same intensity in all directions. Use a spherical geometry centered at the source 
with the definition of the Poynting vector. 


s = I k = JjL^ = Xcs n E n 2 =\c 

A 4 nr~ 


f 1 ' 


c fJ Q 


Eq i c 


c 2 M o 


& = A. 


4 nr" 




p _ i IlfPy 
0 A ' 2 nr 1 


56. (a) The radio waves have the same intensity in all directions. The power crossing a given area is 
the intensity times the area. The intensity is the total power through the area of a sphere 
centered at the source. 


P = IA = 


-A = 


35,000W 


Aotai 4;r(l.0xl0 3 m) 


(l.Om 2 ) = 2.785 x 10“ 3 W ■■ 


2.8mW 
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(. b ) We find the rms value of the electric field from the intensity, which is the magnitude of the 
Poynting vector. 

V -cf E 2 = — >• 

4/rr 


E = 


E 0 35, 000 W 

1 4 nr 2 cs 0 A|4^(l.0xl0 3 m) 2 (3.00 x 10 s m/s)(8.85 x Kr 12 C 2 /N»m 2 ) 


= 1.024 V/m » 1 1.0 V/m 

(c) The voltage over the length of the antenna is the electric field times the length of the antenna. 

= E ims d = (1.024 V/m)(l.0m) = pV 

(d) We calculate the electric field at the new distance, and then calculate the voltage. 

E = I Pq I 2 35, 000 W 

V 4nr 2 cs 0 ^|4^(5.0 x 10 4 m) 2 (3.00 x 10 8 m/ s)(8.85x 10“ 12 C 2 /N •m 2 ) 

= 2.048 xl0‘ 2 V/m ; V ms = E^d = (2.048 x 10~ 2 V/m)(l.0m) = |2.0 x 10~ 2 V 


57. The power output of the antenna would be the intensity at a given distance from the antenna, times 
the area of a sphere surrounding the antenna. The intensity is the magnitude of the Poynting vector. 


S = F 2 


P = 4nr 2 S = 2rtr 2 cs 0 E\ = 2^(0. 50m) 2 (3.00 x 10 8 m/s)(8.85 x 10“ 12 C 2 /N-m 2 )(3 x 10 6 V/m) 2 
» |4 x 1Q 10 W 

This is many orders of magnitude higher than the power output of commercial radio stations, which 
are no higher than the 10’s of kilowatts. 

58. We calculate the speed of light in water according to the relationship given. 

v„„„ = -P— = = i(30»*10‘m/sH2.25xlO*m/s 

'Ks oJ u 0 dK y]s oJ u 0 sjK VI. 77 


4 k _ i 


= 0.752= 75.2% 


c c 


59. A standing wave has a node every half-wavelength, including the endpoints. For this wave, the 
nodes would occur at the spacing calculated here. 

! , c _ j 3.00xl0 8 m/s 

2 _ 2 / _ 2 2.45x10 9 Hz 

Thus there would be nodes at the following distances from a wall: 

0, 6.12 cm, 12.2 cm, 18.4 cm, 24.5 cm, 30.6 cm, and 36.7 cm (approximately the other wall). 
So there are 5 nodes , not counting the ones at (or near) the walls. 

60. (a) Assume that the wire is of length £ and cross-sectional area A. There must be a voltage across 

the ends of the wire to make the current flow [V = IR), and there must be an electric field 

associated with that voltage (E - V/i). Use these relationships with the definition of 
displacement current, Eq. 31-3. 



© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

317 













Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


_dO E _ e d ( EA ) _ 


, dE 


Its = f„ ! ^ " V = S n A = S n A ' ' ' = S n — — = f ()/ 9 


dt 
1 ^ 

= s n p—R — = 
0 R dt 


dt 


dt 


d(V/l) _ ^ A A_d\lR)_ 

0 £ dt ^ pi dt 


dt 


£ 0 P 


dl 

dt 


(. b ) Calculate the displacement current found in part (a). 
dl 


/ D =f 0 /r— = (8.85x 10 12 C 2 /N-m 2 )(l.68xl0‘ 8 Q-m) - 
dt 11. 


1.0A 


.0 xlO“ 3 s 


= 1.4868 x 10“ 16 A « 1.5 x 10“ 16 A 


(c) From example 28-6, Ampere’s law gives the magnetic field created by a cylinder of current as 


B = 


Mo 1 
2 nr 


at a distance of r from the axis of the cylindrical wire. This is true whether the current 


is displacement current or steady current. 

Mo I d {Ajt x 10“ 7 N-s 2 /C 2 )(l.486xl0~ 16 A) 


B d = 


2 nr 


2/r (l.O x 10“ 3 m) 


= 2.97 x 10“ 20 T « 3.0x 10^ 2O T 


Ao 7 e 


IE— = — tML — — —E— — ‘-486x IQ - A _ i 4 g^ x iQ- 
/ 1.0 A 


"^steady Ao steady -1 s t ea dy 

2 nr 


1.5x10" 


|61.| (a) We note that -ax 2 - fd 2 t 2 + 2 afdxt - -( ax - fdt)~ and so E v = E 0 e 


-[ax-fttf 


-a‘| x~—t 


= E o e 


Since 


the wave is of the form f(x- vt) , with v-j3/a, the wave is moving in the |+x direction . 


(b) The speed of the wave is v = /?/« = c, and so \/3 = ac 


( c ) The electric field is in the y direction, and the wave is moving in the x direction. Since E x B 
must be in the direction of motion, the magnetic field must be in the z direction. The 
magnitudes are related by |b| = |e| / c. 


ft — C ~( ax -P) 2 

c 


A±B\ [ A + B 

62. (a) Use the sin A ± sini? = 2 sin I — : — cos 


from page A-4 in Appendix A. 


E y = E 0 [sin (kx - cot) + sin ( kx + ®t)] 


= 2 E 0 sin 


(kx - cot) + (kx + cot)\ f (kx - cot) - (kx + cot) 


= 2E 0 sin ( kx ) cos ( - cot ) 


2 E 0 sin (kx) cos (cot) 


B_ = B 0 [sin(Uc - cot) - sin (kx + &>/)] 


-2 B 0 sin 


(kx-cot)-(kx + cot)\ f (kx - cot) + (kx + cot) 
COS 


= 27? 0 sin(-6it)cos(fcr) 


-2B 0 cos(fcr)sin(®?) 
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( b ) The Poynting vector is given by S = — E x B. 

Mo 


S = — ExB = — 


Mo 


1 


Mo 


i j k 

0 2£ 0 sin(Ax)cos(<yt) 0 

0 0 -2i? 0 cos(Ax)sin(<y?) 


= — i[-4.E 0 i? 0 sin(Ax)cos(Ax)sin(<y?)cos(6i?)] - 
Mo 

This is 0 for all times at positions where sin (2 Ax) = 0. 
sin(2Ax) = 0 — > 2kx-n7t — » 


— i£ 0 .5 0 sin(2Ax)sin(2&>?) 
Mo 


nn 


x = — , n = 0,±1,±2,... 
2k 


63. (a) To show that E and B are perpendicular, calculate their dot product. 

E»B = | ~E 0 sin(kx-a)t)j + E 0 cos (Ax - cot) k cos (Ax - cot) j - B 0 sin (Ax - cot) k J 

= E 0 sin (Ax - cot) B 0 cos(Ax - cot)- E 0 cos (Ax - cot) B 0 sin(kx - cot) = 0 
Since E*B = 0, E and B are perpendicular to each other at all times. 

( b ) The wave moves in the direction of the Poynting vector, which is given by S = — E x B. 

Mo 


S = — ExB = — 


Mo 


Mo 


i j k 

0 E 0 sva(kx- cot) E 0 cos (Ax - cot) 
0 B 0 cos (Ax - cot) -B 0 sin (Ax -cot) 


= — i[-is 0 .8 0 sin 2 (Ax - cot) ~E 0 B 0 cos 2 (Ax-<yt)J + j(0) + k(0) = — ^—E 0 B 0 i 
Mo Mo 

We see that the Poynting vector points in the negative x direction, and so the wave moves in the 
negative x direction, which is perpendicular to both E and B . 

(c) We find the magnitude of the electric field vector and the magnetic field vector. 

= E = [£ , 0 sin(Ax-ryt)J + [E,, cos(Ax - cot)^ 

-^El sin 2 (Ax- cot) + El cos 2 (Ax- <yt)] =E 0 

= B = l[i? 0 cos(Ax-<yt)]~ +[5 0 sin(Ax-<yt)]" 

= [i? 2 cos 2 (Ax - cot) + B~ sin 2 (Ax - = B 0 

(d) At x = 0 and t = 0, E = i? 0 k and B = B 0 j. See the figure. The x axis is 

coming out of the page toward the reader. As time increases, the 
component of the electric field in the z direction electric field begins to 
get smaller and the component in the negative y direction begins to get 
larger. At the same time, the component of the magnetic field in the v 
direction begins to get smaller, and the co mponent in the z direction 


E 


B 


begins to get larger. The net effect is that [both vectors rotate counterclockwise 
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Responses to Questions 

[F] (a) The Moon would look just like it does now, since the surface is rough. Reflected sunlight is 

scattered by the surface of the Moon in many directions, making the surface appear white. 

(. b ) With a polished, mirror-like surface, the Moon would reflect an image of the Sun, the stars, and 
the Earth. The appearance of the Moon would be different as seen from different locations on 
the Earth. 

2. Yes, it would have been possible, although certainly difficult. Several attempts have been made to 
reenact the event in order to test its feasibility. Two of the successful attempts include a 1975 
experiment directed by Greek scientist Dr. Ioannis Sakkas and a 2005 experiment performed by a 
group of engineering students at MIT. (See www.mit.edu for links to both these and other similar 
experiments.) In both these cases, several individual mirrors operating together simulated a large 
spherical mirror and were used to ignite a wooden boat. If in fact the story is true, Archimedes 
would have needed good weather and an enemy fleet that cooperated by staying relatively still while 
the focused sunlight heated the wood. 

3. The focal length of a plane mirror is infinite. The magnification of a plane mirror is 1. 

4. The image is real and inverted, because the magnification is negative. The mirror is concave, 
because convex mirrors can only form virtual images. The image is on the same side of the mirror as 
the object; real images are formed by converging light rays and light rays cannot actually pass 
through a mirror. 

5. Ray 2 is directed as if it were going through the focal 
point and is reflected from the convex mirror parallel 
to the principal axis. 


6. Yes. For a plane mirror, d o - -d t , since the object and image are equidistant from the mirror and the 
image is virtual, or behind the mirror. The focal length of a plane mirror is infinite, so the result of 

the mirror equation, Eq. 32-2, is — + — = 0 , or d o = -d., as expected. 

d 0 d j 

[ 7 ] Yes. When a concave mirror produces a real image of a real object, both d 0 and <7, are positive. The 

d 

magnification equation, m — results in a negative magnification, which indicates that the 

d o 

image is inverted. 



© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

320 


Chapter 32 


Light: Reflection and Refraction 


8. A light ray entering the solid rectangular object will exit the other side 
following a path that is parallel to its original path but displaced slightly 
from it. The angle of refraction in the glass can be determined 
geometrically from this displacement and the thickness of the object. The 
index of refraction can then be determined using Snell’s Law with this 
angle of refraction and the original angle of incidence. The speed of light 
in the material follows from the definition of the index of refraction: 
n = c/v. 

9. This effect is similar to diffuse reflection off of a rough surface. A ripply sea has multiple surfaces 
which are at an angle to reflect the image of the Moon into your eyes. This makes the image of the 
Moon appear elongated. 

10. A negative object distance corresponds to a virtual object. This could occur if converging rays from 
another mirror or lens were intercepted by the mirror before actually fonning an image. This image 
would be the object for the mirror. 

1 1 . The angle of refraction and the angle of incidence are 

12. Underestimate. The light rays leaving the bottom of 
the pool bend away from the normal as they enter 
the air, so their source appears to be more shallow 
than it actually is. The greater the viewing angle, the 
more the bending of the light and therefore the less 
the apparent depth. 


both zero in this case. 




13. 


Y our brain interprets the refracted rays as if the part of 
the stick that is under water is closer to the surface than it 
actually is, so the stick appears bent. 



14. 


Because the broad beam hits the surface of the water at an 
angle, it illuminates an area of the surface that is wider 
than the beam width. Light from the beam bends towards 
the normal. The refracted beam is wider than the incident 
beam because one edge of the beam strikes the surface 
first, while the other edge travels farther in the air. (See the 
adjacent diagram.) 



15. The light rays from the fish are bent away from the normal as they 
leave the tank. The fish will appear closer to the side of the tank than 
it really is. 
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16. The water drop acts like a lens, and refracts light as the light passes through it. Also, some of the 
light incident on the air/water boundary is reflected at the surface, so the drop can be seen in 
reflected light. 

17. When the light ray passes from the blue material to the green material, the ray bends toward the 
normal. This indicates that the index of refraction of the blue material is less than that of the green 
material. When the light ray passes from the green material to the yellow material, the ray bends 
away from the normal, but not far enough to make the ray parallel to the initial ray, indicating that 
the index of refraction of the yellow material is less than that of the green material but larger than the 
index of refraction of the blue material. The ranking of the indices of refraction is, least to greatest, 
blue, yellow, and green. 

18. No. Total internal reflection can only occur when light travels from a medium of higher index of 
refraction to a medium of lower index of refraction. 


19. 


No. The refraction of light as it enters the pool will make the object look smaller. See Figure 32-32 
and Conceptual Example 32-11. 


20. The mirror is concave, and the person is standing inside the focal point so that a virtual, upright 

image is formed. (A convex mirror would also form a virtual, upright image but the image would be 
smaller than the object.) In addition, an image is also present at the far right edge of the mirror, 
which is only possible if the mirror is concave. 


21. (a) Since the light is coming from a vacuum into the atmosphere, which has a larger index of 
refraction, the light rays should bend toward the normal (toward the vertical direction). 

(b) The stars are closer to the horizon than they appear to be from the surface of the Earth. 


Solutions to Problems 


E 


Because the angle of incidence must equal the angle of reflection, we 
see from the ray diagrams that the ray that reflects to your eye must 
be as far below the horizontal line to the reflection point on the mirror 
as the top is above the line, regardless of your position. 



.Mirror 

far 


For a flat mirror the image is as far behind the mirror as the object is in front, so the distance from 
object to image is twice the distance from the object to the mirror, or 5.6m 


3. 


The law of reflection can be applied twice. At the first reflection, 
the angle is 0, and at the second reflection, the angle is tj). 
Consider the triangle formed by the mirrors and the first reflected 
ray. 


9 + a + <f>= 180° -> 38° + 135° + ^ = 180° -> 


<f> = l° 
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4. 


The angle of incidence is the angle of reflection. See the diagram for the 

appropriate lengths. 

_ ( H-h ) h 
tan 6 -- - = - ->• 


£ x 
(l.64m-0.38m) _ (0.38m) 
(2.30m) x 


— > x = 


0.69 m 



5. 


The incoming ray is represented by line segment DA. For the 
first reflection at A the angles of incidence and reflection are 6 V 
For the second reflection at B the angles of incidence and 
reflection are d 2 . We relate 0, and d 2 to the angle at which the 
mirrors meet, cf > , by using the sum of the angles of the triangle 


ABC. 

(f> + (90° - d x ) + (90° - 0 2 ) = 1 80° -> </> = e i + 0 2 


Do the same for triangle ABD. 

a + 23 + 202 = 180 ° -> a = 18O°-2(0j + 0 2 )~ 180° -2^ 
At point D we see that the deflection is as follows. 


/? = 180°-a = 180°-(l80°-2^) = & 


C 


A 



6 . 


The rays entering your eye are diverging from the virtual 
image position behind the mirror. Thus the diameter of the 
area on the mirror and the diameter of your pupil must 
subtend the same angle from the image. 


D 


^p" pil _ > n =n ^ = ±n 

{d 0 + f) mi ™ ^\d 0 +d { ) 2 pup, ‘ 


A 




= —71 — D 2 

4 /l 4- Ly pupil 


4.0xl0~ 6 m 2 


— (4.5xl0“ 3 m) 
16 V ’ 



See the “top view” ray diagram. 



8. (a) The velocity of the incoming light wave is in the direction of the initial light wave. We can 

write this velocity in component form, where the three axes of our coordinate system are chosen 
to be perpendicular to the plane of each of the three mirrors. As the light reflects off any of the 
three mirrors, the component of the velocity perpendicular to that mirror reverses direction. The 
other two velocity components will remain unchanged. After the light has reflected off of each 
of the three mirrors, each of the three velocity components will be reversed and the light will be 
traveling directly back from where it came. 

( b ) If the mirrors are assumed to be large enough, the light can only reflect off two of the mirrors if 
the velocity component perpendicular to the third mirror is zero. Therefore, in this case the 
light is still reflected back directly to where it came. 
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9. The rays from the Sun will be parallel, so the image will be at the focal point, which is half the radius 
of curvature. 


r = 2f = 2(18. 8cm) = 


37.6cm 


10. To produce an image at infinity, the object must be at the focal point, which is half the radius of 
curvature. 

d 0 =f = i r = \{ 24.0cm) = I 


12 . 0 cm 


11. The image flips at the focal point, which is half the radius of curvature. Thus the radius is [TO m| . 


12. (a) The focal length is half the radius of curvature, so f = jr = j( 24cm): 
(b) Use Eq. 32-2. 

J_ + _L = 1 ^ d _ dj _ (35 cm) (24 cm) 
d 0 d- f d 0 -f 35 cm -24 cm 


12 cm 


76cm 


(c) The image is |inverted| , since the magnification is negative. 


13. | The ball is a convex mirror with a focal length / = \r = l(-4.6cm) = -2.3cm. Use Eq. 32-3 to 
locate the image. 


Ill df (25.0 cm) (-2.3 cm) 1A ^ 

— + — = — — » d = — — — = -1 ^7 1 - = -2.106cm « - 2 . 1 cm 

d a d t f d 0 -f 25.0cm -(-2.3cm) 


The image is |2.1 cm behind the surface of the ball, virtual, and upright) . Note that the magnification 
d i -(-2.106cm) 


is m = — 


(25.0cm) 


= +0.084. 


14. The image distance can be found from the object distance of 1.7 m and the magnification of +3. 
With the image distance and object distance, the focal length and radius of curvature can be found. 
-d. 


m ■ 


— > d, - —md„ 


J_ + J_ = l y_ M - 3 ( L7m ) _ 2.55m 

d„ d, f <7 + d . d n - md n m- 1 3-1 

U 1 ** O 1 u u 


= 2/ = 2(2. 55m) = 


5.1m 


15. The object distance of 2.00 cm and the magnification of +4.0 are used to find the image distance. 
The focal length and radius of curvature can then be found. 

-d, 


m - ■ 


— > d,- —md„ 


_L + 1 = 1 ^ y_ M - ^oK) - md o - 4 ( 2 - QQcm ) -2.677cm 

t/„ d, f t/,, + d- d n - md n in - 1 4-1 

U 1 O 1 u u 


■ = 2/ = 2 (2.667 cm) = 


5.3cm 


Because the focal length is positive, the mirror is concave |. 
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16. The mirror must be convex . Only convex mirrors produce images that are upright and smaller than 
the object. The object distance of 18.0 m and the magnification of +0.33 are used to find the image 
distance. The focal length and radius of curvature can then be found. 

-d, 


m - - 


— > d. - —md„ 


± + 1 = 1 _+ /- M _ !(-»!) _ md a _ °. 33 (18.0m) _ 8 866m 
t/„ d ■ f d„+d . d n -md n m-\ 0.33-1 

U 1 •*' U 1 u u 


= 2/ = 2(-8.866m) = 


-17.7m 


17. The object distance of 3.0 m and the magnification of +0.5 are used to find the image distance. The 
focal length and radius of curvature can then be found. 

-d. 


m ■ 


d, - -md. 


1 + 1 = 1 _+ /- M md . _ 0-5(3-0m) _ 3 Qm 

d„ d, f d n + d ■ d n -md n m - 1 0.5-1 

U IV t) 1 U u 


■ = 2/ = 2(-3.0m) = 


-6.0m 


1 8. (a) From the ray diagram it is seen that 
the image is virtual. We estimate the 

image distance as 


-6 cm. 


( b ) Use a focal length of -9.0 cm with 
the object distance of 18.0cm. 

J_ 

1 


" + 1“7 





dj (I8.0cm)(-9.0cm) 


-6.0cm 


d 0 -f 18.0 cm -(-9.0 cm) 

(c) We find the image size from the magnification: 
h t _ -d t 
h n d n 


m ■ 


h = h 


f -d' 


v d 0 j 


= (3.0mm) 


f 6.0cm ' 
18.0cm 


1 .0mm 


19.| Take the object distance to be oo, and use Eq. 32-3. Note that the image distance is negative since the 
image is behind the mirror. 

1 + 1 = 1 -> 1 + 1 = 1 — » f - d - -16.0cm -> r -2 f ■ 
d 0 d, f oo d t f 


-32.0cm 


Because the focal length is negative, the mirror is convex 
20. (a) 
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(. b ) Apply Eq. 32-3 and Eq. 32-4. 

— + — = — = — _> d - rd ° ■ m = — '-= ~ r 

d a d i f r ' (2 d 0 - r) d o (2 d o - r) 

If d n >r, then (2 d n -r)>r, so \m = 7 - = - -<1. 

' ' 11 (2d,-r) (>r) 

Y y 

If d a <r, then(2t/ o -r)<r, so \m \ = - - = - ->1. 

( 2 d 0 -r) (< r) 



22 . 


From the ray diagram, we see that with a 
negative image distance, we have the 
following. 


tant? = 


K 

d n 



tan a = - — 2 — - 

{< + r) 


h, 

( r+d i) 



When we divide the two equations, we get 

M = _N 1 + _l = _ 1 __l 

d 0 d t d a d i 


r r 

— ^ 1 — - 2 — ^ 

d n d, 


d 0 d i r 


If we define / = — and consider the radius of curvature and focal length to be negative, then we 


have Eq. 32-2, 


_L J_-J_ 

d 0 f 


23. Use Eq. 32-2 and 32-3. 
~d. 


m — > d: — -md n 

d a 

_L+_L = 1 ^ f =JA_ 

d 0 d- f d a + d { 


d 0 (-md o ) _ md a _ (0.55)(3.2m) 


d n - md n m - 1 


0.55-1 


-3.9m 


24. (a) We are given that d t = d o . Use Eq. 32-3. 


1 1 1 

1 — — ^ 

d 0 d, f 


~d~o~7 


d 0 = 2f = r 


The object should be placed at the center of curvature. 


( b ) Because the image is in front of the mirror, d t > 0, it is real. 
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(c) 


(d) 


25 


(a) 

(b) 


(c) 

id) 


26. (a) 

(b) 

(c) 


27. (a) 


(b) 


The magnification is m - — — = — — - -1 . Because the magnification is negative, the image is 

</. </. 


inverted. 


As found in part (c), m - |— 1 ,| 


To produce a smaller image located behind the surface of the mirror requires a 
Find the image distance from the magnification. 

m = C = _> d . = -*A = J 26 ° m)(3.5cm) = _2Q 2cm 

K d a K (4.5cm) 


convex mirror. 


-20 cm 


(2 sig. fig.) 


As expected, d t < 0. The image is located 1 20 cm behind the surface 

Find the focal length from Eq. 32.3. 

Ill dd (26 cm) (-20.2 cm) 

— + — = — —> f = — 2— 1 — = -A - 2 - 2 - 2 - = -90.55cm : 

d o d- f d 0 + d { (26 cm) + (-20.2 cm) 

The radius of curvature is twice the focal length. 

r = 2/ = 2(-90.55cm) = -181.1cm 


-91cm 


-180cm 


To produce a larger upright image requires a 


concave mirror. 


The image will be | upright and virtual. 


We find the image distance from the magnification: 
h. ~ d. 


m ■ 


h n i/. 


d, — -md n 


^ + ^ = 1 f- Ml - _ md o 

</„ d, f d n +d, d n - md n m - 1 

1) 1 w O 1 o u 

.. 2/ 2 md 0 2(l.35)(20.0em) 


m — 1 


1.35-1 


154 cm 


We use the magnification equation, Eq. 32-3, to write the image distance in terms of the 
magnification and object distance. We then replace the image distance in the mirror equation, 
Eq. 32-2, and solve for the magnification in terms of the object distance and the focal length. 
m = -dJd 0 — > d { = -md 0 

j__j_ j_ 

/ d 0 + d t 
1 _ 1 1 
/ d 0 -md a 


We set / = 0.45 m and 
draw a graph of the 
magnification as a function 
of the object distance. The 
spreadsheet used for this 
problem can be found on the 
Media Manager, with 
filename “PSE4_1SM_CH32.XLS,” on tab “Problem 32.27b.” 


m ■ 


f 


f~d 0 
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(c) 


The image and object will have the same lateral size when the magnification is equal to negative 
one. Setting the magnification equal to negative one, we solve the equation found in part (a) 
for the object distance. 

/ 


m ■ 


f~d 0 


= -l -> d a - 2/ = 


0.90m 


(d) From the graph w e see that for the image to b e much larger than the object, the object should be 


placed at a point just beyond the focal point. 


28. 


We use the magnification equation, Eq. 32-3, to write the image distance in terms of the 
magnification and object distance. We then replace the image distance in the mirror equation, Eq. 
32-2, and solve for the magnification in terms of the object distance and the focal length, with the 
focal length given as / = -1/1 . 


/ , , 111 

m L — > d = -md n — > — = 1 

d 0 f d Q d 1 


-I / 


1 1 

f 

d a ~md 0 

f+d a 


From this relation, the closer the object is to the mirror (i.e., smaller object distance) the greater the 
magnification. Since a person’s nose is closer to the mirror than the rest of the face, its image 
appears larger. 


29. (a) 


0 b ) 


We use the magnification equation, Eq. 32-3, to write the image distance in terms of the 
magnification and object distance. We then replace the image distance in the mirror equation, 
Eq. 32-2, and solve for the object distance in terms of the magnification and the focal length. 


m L — > d t - -md 0 


11111 1 

— 1 ^ — 1 

/ d a d { f d 0 -md 0 


f O 


( 1 > 

1 

-> 

-1 

i 

II 

c 

'v m) 


V m ) 


We set the object distance equal to the range of all positive numbers. Since the focal length of 
a convex lens is negative, the term in parentheses in the above equation must be the range of all 
negative numbers for the object distance to include the range of all positive numbers. We solve 
the resulting equation for all possible values of the magnification. 


(, 0 

„ , 1 


1 — 

<0->l< > 

VI 

£ 

VI 

o 

l m) 

m 



30. The distance between the mirror and the wall is equal to 
the image distance, which we can calculate using Eq. 32-2. 
The object is located a distance r from the wall, so the 
object distance will be r less than the image distance. The 
focal length is given by Eq. 32-1. For the object distance 
to be real, the image distance must be greater than r. 


_1__ 

7“ 

d; = 


112 1 
1 ^ — — 

d„ d ■ r d, - r 


+ — — > 2d- - 4 d r + r 2 = 0 

d, 


4r± yj\6r 2 — Sr 2 


■ = r 


f y/2) 



1± — 

« 0.292 r or 

1.7 lr 

l 2 j 




Use Eq. 32-3 to calculate the magnification: m — L = 


1.71r 
1.71r — r 


-2.41 
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|31. The lateral magnification of an image equals the 
height of the image divided by the height of the 
object. This can be written in terms of the image 
distance and focal length with Eqs. 32-2 and 32-3. 


1 _ 1 , 1 . _ 

— — — i — ^ d ■ — 

f d { d Q 


' fd 0 ' 
d 0 ~ f . 


~ d . 


m = ■ 


/ 



d a d Q -f 

The longitudinal magnification will be the difference in image distances of the two ends of the object 
divided by the length of the image. Call the far tip of the wire object 1 with object distance d o . The 
close end of the wire will be object 2 with object distance d 0 - £. Using Eq. 32-2 we can find the 
image distances for both ends. 


1 


1 


! = J_ + J_ _> d =AJL 

f d a d a “ d 0 -f ’ f d 0 -l d a 


H — : — — ^ d x 2 — 


{ d 0 - l)f 


*ii “o j j “o “ i 2 d Q — l — f 

Taking the difference in image distances and dividing by the object length gives the longitudinal 
magnification. 

if dj _{ d 0 - l ) f \_ dj { d 0 - l - f )-{ d 0 - f )[ d 0 - l)f 

£ 


m, 


d \\ d i2 


£ 


d 0 — f d 0 - i-f 


t { d 0 - f ){ d 0 - l - f ) 


~ f 2 


( d 0 - f ){ d 0 - i - f ) 

Set £ d Q , so that the £ drops out of the second factor of the denominator. Then rewrite the 
equation in terms of the lateral magnification, using the expression derived at the beginning of the 
problem. 


m, = ■ 


- f 2 

/ 

2 

ft/i - 

K -/) 2 

L( rf .-/)J 


frl 


The negative sign indicates that the image is reversed front to back , as shown in the diagram. 


32. We find the index of refraction from Eq. 32-1. 


_ c _ 3.00xl0 l m/s 
v 2.29xl0 8 m/s 


1.31 


33. In each case, the speed is found from Eq. 32-1 and the index of refraction. 

c 3.00xl0 8 m/s 

(a) Ethyl alcohol: v = — = — 

n 1.36 


2.21x10 s m/s 


( b ) Lucite: 


3.00xl0 8 m/s 


n 


1.51 


1.99xl0 8 m/s 


, . _ . c 3.00x10 m/s 

(c) Crown glass: v = — = — 

n 1.52 


1.97xl0 8 m/s 


34. Find the distance traveled by light in 4.2 years. 

d = cAt = (3.00xl0 8 m/s )(4.2yr)(3.16xl0 7 s/yr): 


4.0 x 10 6 m 
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35. The time for light to travel from the Sun to the Earth is found from the distance between them and 
the speed of light. 

. d 1.50xl0 n m , . . iri2 

At = — = 5 — - = 5.00 x 10 s = 

c 3.00xl0 8 m/s 


8.33min 


36. We find the index of refraction from Eq. 32-1. 
c c 


c 

n — — — 


v 0.88v„ 


0.1 


r 


Vi 

V water y 


"water _ !- 33 = h 5l| 


0.1 


0.1 


37.| The length in space of a burst is the speed of light times the elapsed time. 
d = ct - ^3.00 x 10 8 m/s)(l0“ 8 s) ■ 


3m 


38. Find the angle of refraction from Snell’s law. 


/7j sin ft = n 2 sin d 2 — > ft = sin 


—sin ft 


\ n 2 


. _j ( 1.33 . 


: sin 


1.00 


sin38.5° 


— 

55.9° 

y 



39. Find the angle of refraction from Snell’s law 

f \ 

-1 


n x sin 0 X = n 2 sin d 2 —> ft = sin 


—sin ft 


= sm 


,^ 1.00 
1.56' 


sin 63° 


35° 


40. We find the incident angle in the air (relative to the normal) from Snell’s law. 


n x sin 6 X - n 2 sin ft, — > ft = sin 


—sin 0 2 
V"i 


f 1 T.T. 

■ sin 1 — sin33.0° 
1.00 


= 46.4° 


Since this is the angle relative to the horizontal, the angle as measured from the horizon is 


90.0° -46.4°= 43.6°. 


41. We find the incident angle in the water from Snell’s law. 

f \ 


n x sin 0 X — n 2 sin ft, — > 0 X - sin 


"2 • a 
^smft 


= sm 


TOO 
1.33' 


sin56.0° 


= 

38.6° 

y 



42. 


The angle of reflection is equal to the angle of incidence: ft refl -0 X -10 2 . Use Snell’s law 
M air sin6( =« glass sinft, — > (l.00)sin26 , 2 = (l.56)sinft 
sin2ft = 2sin6 , 2 cosft = (l.56)sinft — > cosft =0.780 — > ft =38.74° 


ft = 2 ft 


77.5° 


43. 


The beam forms the hypotenuse of two right triangles as it passes 
through the plastic and then the glass. The upper angle of the 
triangle is the angle of refraction in that medium. Note that the 
sum of the opposite sides is equal to the displacement D. First, we 
calculate the angles of refraction in each medium using Snell’s 
Faw (Eq. 32-5). 
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sin 45 = n x sin 0 X = n 2 sin 0 2 


9 X = sin 


0 2 = sin 


^sin45 A 


^ sin 45^ 


V n 2 


. [ sin 45 

■ sm 

1.62 , 

. _i ( sin 45 

■ sm 

1.47 


= 25.1 


= 28.75° 


We then use the trigonometric identity for tangent to calculate the two opposite sides, and sum to get 
the displacement. 

D = D x + Z), = h x tan#, + h x tan#, = (2.0cm)tan25.88° + (3.0cm)tan28.75° = 2.6cm 


44. (a) We use Eq. 32-5 to calculate the refracted angle as the light enters the glass («=1.56) from the 
air (n= 1 . 00 ). 


n x sin 9 X = sin 0 2 — > 0 2 = sin 1 

—sin 6 *| 

= sin 1 

L00 sin 43.5° 

= 26.18° « 26.2° 


n 2 


L 1 -56 



( b ) We again use Eq. 32-5 using the refracted angle in the glass and the indices of refraction of the 
glass and water. 



n 2 ■ a 
—sin 0 2 


L56 sin 26.18° 


0 3 - sin 1 

- sin 1 

= 31.17° « 31.2° 


n 3 


[1.33 



(c) We repeat the same calculation as in part (a), but using the index of refraction of water. 



—sin#, 


L0 ° sin 43.5° 


0 3 = sin 1 

= sin 1 

= 31.17° « 31.2° 


n 3 


[1.33 



As expected the refracted angle in the water is the same whether the light beam first passes 
through the glass, or passes directly into the water. 


45. 


We find the angle of incidence from the distances. 

£, (2.5m) 

tan 0. = — = 7 = 1.9231 6, =62.526° 

1 h x (1.3m) 1 

For the refraction from air into water, we have 

w air sin#, = n water sin# 2 ; 

(l.00)sin62.526° = (l.33)sin # 2 ->• # 2 =41.842° 

We find the horizontal distance from the edge of the pool from 
£ = £, + £, = £, + h 2 tan 0 2 


= 2.5m + (2.1m)tan41.842° 


= 4.38m* 


4.4 m 



46. 


Since the light ray travels parallel to the base when it exits the 
glass, and the back edge of the glass makes a 45° angle to the 
horizontal, the exiting angle of refraction is 45°. We use 
Snell’s law, Eq. 32-5, to calculate the incident angle at the 
back pane. 


0 3 = sin 


— sin # 4 

= sin 1 

—sin 45° 

.”3 


1.5 


= 28.13° 



We calculate the refracted angle at the front edge of the glass by noting that the angles 0 2 and 0 3 in 
the figure form two angles of a triangle. The third angle, as determined by the perpendiculars to the 
surface, is 135°. 
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0 2 +0 3 +135° = 18O°^0 2 = 45°-0 3 =45°-28.13° = 16.87° 

Finally, we use Snell’s law at the front face of the glass to calculate the incident angle. 


n 2 ■ a 
— sm0. 

= sin 1 

—sin 16.87° 

= 25.81° » 

26° 



Li.o 




47. As the light ray passes from air into glass with an angle of incidence of 25°, the beam will refract. 
Determine the angle of refraction by applying Snell’s law. 


n ] sin 9 X = n 2 sin 0, — > 


Incident 


sin 1 

— sin0. 

= sin 1 

100 sin 25° 


A 


L 1-5 


= 16.36° 


We now consider the two right triangles created by the 
diameters of the incident and refracted beams with the 
air-glass interface, as shown in the figure. The diameters 
form right angles with the ray direction and using 
complementary angles we see that the angle between the 

diameter and the interface is equal to the incident and refracted angles. Since the air-glass interface 
creates the hypotenuse for both triangles we use the definition of the cosine to solve for this length in 
each triangle and set the lengths equal. The resulting equation is solved for the diameter of the 
refracted ray. 



D = 


d. 


d , 


cos 0 cos 0, 


-» 


, , cos 0, 

d, = d , - 

cos 0 


= (3.0mm) 


cosl6.36° 
cos 25° 


3.2 mm 


48. Find the angle 0, for the refraction at the first surface. 
n, m sin 0, = n sin 0 2 

(l.OO)sin45.O° = (l.54)sin0 2 -> 0 2 = 27.33° 

Find the angle of incidence at the second surface from the 
triangle formed by the two sides of the prism and the light 
path. 

(90° - 0 2 ) + (90° - 0 2 ) + A = 180° -> 

0 2 — A 0 2 = 60° 27.33° = 32.67° 

Use refraction at the second surface to find 0 4 . 

n sin 0 3 = n air sin 0 4 — » (l.54)sin32.67° = (l.OO)sin0 4 



— » 0 4 = 1 56.2° from the normal 


49. 


Since the angle of incidence at the base of the prism is 0° , 
the rays are undeflected there. The angle of incidence at the 
upper face of the prism is 30° . Use Snell’s law to calculate 
the angle of refraction as the light exits the prism. 

n x sin^ = sin0 r -> 0 r = sin -1 (l.52sin30°) = 49.46° 

From the diagram, note that a normal to either top surface 
makes a 30° angle from the vertical. Subtracting 30° from 
the refracted angle will give the angle of the beam with 
respect to the vertical. By symmetry, the angle <f> is twice the 



angle of the refracted beam from the 


vertical. 

^ = 2(0 r -30°) = 2(49.46° 


30°) = |38.9° 
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50. 


Because the surfaces are parallel, the angle of refraction from the first 
surface is the angle of incidence at the second. Thus for the two refractions, 
we have the following. 

sin 6 X = n 2 sin 0 2 ; n 2 sin 9 2 = n x sin 9, 

Substitute the second equation into the first. 


sin 9 X = n x sin 9 2 


e 2 = e x 


Because the ray emerges in the same index of refraction, it is undeviated. 



5 1 . Because the glass surfaces are parallel, the exit beam will be 
traveling in the same direction as the original beam. 

Find the angle inside the glass from Snell’s law, 

n. m sin 9 = n sin (f>. Since the angles are small, cos (j) ~ 1 and 

sin (f)^(j), where <f) is in radians. 


(1.00)0 = 77^ — > <f) = — 
n 

Find the distance along the ray in the glass from 

L - — - — « t, and then find the perpendicular displacement 
COS (j) 

from the original direction. 


d = 


Lsin(9 - </>)&t(9 - <f>) — t 




t9(n - l) 

U J 


77 



52. We find the speed of light from the speed of light in a vacuum divided by the index of refraction. 
Examining the graph we estimate that the index of refraction of 450 nm light in silicate flint glass is 
1.643 and of 680 nm light is 1.613. There will be some variation in the answers due to estimation 
from the graph. 

V , - V, c/n^n -c! 77 1/1.613-1/1.643 


c/77 fi 


1/1.613 


■ = 0.01826 * 1.8% 


53. 


We find the angles of refraction in the glass from Snell’s law, Eq. 32-5. 

(1.00) sin 60.00° = (l.483l)sin# 2blue -> 9 2bXm = 35.727° 

(1. 00) sin 60.00° = ( 1. 4754 ) sin # 2red — > 9 2reA - 35.943° which gives 9 2100 
Thus the angle between the refracted beams is 


^ 2 , red - ^2. blue = 35.943° - 35.727° = 0.216° 


0 . 22 °. 


35.943°. 


54. The indices of refraction are estimated from Figure 32-28 as 
1.642 for 465 nm and 1.619 for 652 nm. Consider the 
refraction at the first surface. 
n ™ s™ 9 a =n sin 9 b -> 

(l.00)sin45° = (l.642)sin^ bl -> 9 bX = 25.51° 

(l.00)sin45° = (l.619)sin^ b2 -> 9 b2 =25.90° 

We find the angle of incidence at the second surface from 
the upper triangle. 

(90° - 0 b ) + (90° - 9 C ) + A - \ 80° -> 
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0 el = A- 6> bl = 60.00° - 25.51° = 34.49° ; 0 c2 = A - 0 b2 - 60.00° - 25.90° = 34.10° 
Apply Snell’s law at the second surface. 
n sin 0 c = n mr sin 0 A 

(l.642)sin34.49° = (l.00)sin# dl — > 0 dl = 68.4° from the normal 
(l.619)sin34.10° = (l.00)sint? d , — > 0 d2 — 65.2° from the normal 


At the first surface, the angle of incidence 0 X = 60° 

\ 

from air («, =1.000) and the angle of refraction 0 2 into 50°\ 

water ( n 2 =n ) is found using Snell’s law. \ 

/i sin 0 X - n 2 sin 0 2 — »• I 

(I.000)sin60° = («)sin6> 2 -> ( V ''' R j \>T"' 

Q ■ _i f sin 60° \ J 

V n j V 

Note that at this surface the ray has been deflected from its initial direction by angle cj> x = 60° - 0 2 . 
From the figure we see that the triangle that is interior to the drop is an isosceles triangle, so the 
angle of incidence from water (n 2 = n) at the second surface is 0, and angle of refraction is 0, into 

air (n 3 =1.000) . This relationship is identical to the relationship at the first surface, showing that the 
refracted angle as the light exits the drop is again 60°. 

« 2 sin# 2 = n 3 sin#, — > (w)sin#, = (l.000)sin^ 3 — > sin 0 3 - n sin 0 2 — > 


sin^ 3 = /7 = sin 60° — > 0 2 - 60° 

V n ) 

Note that at this surface the ray has been deflected from its initial direction by the angle 

tj) 2 - 0 3 - 0 2 - 60° - 0 2 . The total deflection of the ray is equal to the sum of the deflections at each 

surface. 


(j, = ^ + <f, 2 = (60° - 0 2 ) + (60° - 0 2 ) = 120° - 20 2 = 120° - 2 


, . , sin 60° 

-2sm 

n 


Inserting the indices of refraction for the two colors and subtracting the angles gives the difference in 
total deflection. 


A ^ = ^violet -4d H 120° -2 sin 


! sin60° 


120° -2sfrf 


i sin 60° 


, . , sin 60° . , sin60° 

= 2 < sm - sm 


, . , sin 60° . , sin 60° 

= 2 < sm - sm 

1.330 1.341 


56. (a) We solve Snell’s law for the refracted angle. Then, since the index varies by only about 1%, we 
differentiate the angle with respect to the index of refraction to determine the spread in angle. 
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( b ) We set n = 1.5 and 9 { = 0° = Orad and solve for the spread in refracted angle. 
An sin0j , x sin 0 


A 9 2 = - 


= (0.01)- 


■=i 


" aJ n 2 - sin 2 9 1 Vl-5 2 - sin 2 0 

(c) We set n = 1.5 and O t = 90° and solve for the spread in refracted angle. We must convert the 


spread from radians back to degrees. 

sin 90° 


A0 2 =(0.01) 


Vl-5 2 - 


= 0.0089 rad 


sin' 90° 


180 


o \ 


n rad 


0.5° 


57. When the light in the material with a higher index is incident at the critical angle, the refracted 
angle is 90°. Use Snell’s law. 


I Sin 3 =«water sin ^2 “> #1 = SUT* 


V "diamond J 


. 1.33 

■ sin 

2.42 


33.3° 


Because diamond has the higher index, the light must start in diamond. 


58. When the light in the liquid is incident at the critical angle, the refracted angle is 90°. Use Snell’s 
law. 


^liquid sin = "air sin 0 2 -> n 


liquid ^air 


sto ^=(i.oo)- 1 


sind?. 


sin49.6° 


1.31 


59. We find the critical angle for light leaving the water: 

"water sin =« a ,r sin 6> 2 -> 


9 { = sin 


n., r 


V "water > 


= sin -1 — = 48.75° 
1.33 


If the light is incident at a greater angle than this, it will 
totally reflect. Find R from the diagram. 

R > H tan#j = (72.0cm)tan48.75° = 


82.1cm 



60. The ray reflects at the same angle, so each segment makes 
a 14.5° angle with the side. We find the distance V 
between reflections from the definition of the tangent 
function. 

1-4 



. d n d 1.40x10 ** m 

tan 9 = >1 = = 

l tand? tan 14.5° 


5.41 xl0“ 4 m 


61.| We find the angle of incidence from the distances. 
£ (7.6cm) 

tan 0, = — = y ( = 0.95 =43.53° 


h (8.0cm) 

The relationship for the maximum incident angle for refraction from liquid into air gives this, 
"liquid sin 9 X = « air sin 9 2 '' ’ 


*■ liquid 


sin^ lmax =(l.00)sin90° -> sin0 lmax = 


liquid 


Thus we have the following. 
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sin <9, >sin# lmax =- 


^liquid 


sin 43. 53° = 0.6887 > • 


1 liquid 




"liquid ^1-5 


62. For the device to work properly, the light should experience total internal 

reflection at the top surface of the prism when it is a prism to air interface, but 
not total internal reflection when the top surface is a prism to water interface. 

Since the incident ray is perpendicular to the lower surface of the prism, light 
does not experience refraction at that surface. As shown in the diagram, the 
incident angle for the upper surface will be 45°. We then use Eq. 32-7 to determine the minimum 
index of refraction for total internal reflection with an air interface, and the maximum index of 
refraction for a water interface. The usable indices of refraction will lie between these two values. 

TOO . .. n ... 1.33 



n 2 ■ Q 
— = sin #„ 




n 


sin ft sin 45° 


= 1.41 -> n, 


sin <9 sin 45° 


= 1 . 


The index of refraction must fall within the range 1 .4 1 < « < 1 .88. |A Lucite prism will work. 

63. (a) We calculate the critical angle using Eq. 32-7. We calculate the time for each ray to pass 

through the fiber by dividing the length the ray travels by the speed of the ray in the fiber. The 
length for ray A is the horizontal length of the fiber. The length for ray B is equal to the length 
of the fiber divided by the critical angle, since ray B is always traveling along a diagonal line at 
the critical angle relative to the horizontal. The speed of light in the fiber is the speed of light in 
a vacuum divided by the index of refraction in the fiber. 


(b) 


■ r, "'l 

sin # c = 

n, 


At t B t A 


L i 


L 


A _ 

v vsin# 


I i 

ZA. — A 

v cin. 


— 1 


(l.0km)(l.465)( 1.465 ^ 


2.3 x 10“ 6 s 


(3.00 xl0 5 km/s)v 1-000 

We now replace the index of refraction of air ( n = 1.000) with the index of refraction of the 
glass “cladding” ( n = 1.460). 




f \ 
V«2 


3.00x 10 5 km/s 


fl- 465 -# 

= 1.7 x 10“ 8 s 

V 1-460 J 



64. ( a ) The ray enters normal to the first surface, so there is no deviation there. The angle of incidence 
is 45° at the second surface. When there is air outside the surface, we have the following. 
n 1 sin 0 l - n 2 sin d 2 — > n x sin45° = (l.00)sin# 2 

For total internal reflection to occur, sin#, > 1, and so n, > — - — = 1 1.41 1. 

2 1 sin45° 1 1 

( b ) When there is water outside the surface, we have the following. 

n { sin #j = « 2 sin 0 2 — > (l.58)sin45° = (l.33)sin# 2 -> sin# 2 = 0.84 


Because sin 0 2 < 1, the prism will not be totally reflecting. 

(c) For total reflection when there is water outside the surface, we have the following. 
«! sin #j = n 2 sin # 2 — > n x sin45° = (l.33)sin# 2 

n l sin 45° = (l.33)sin# 2 . 


For total internal reflection to occur, sin 0 2 > 1. 




1.33 
sin 45° 


1.88 
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65. For the refraction at the first surface, we have the following. 
n air sin 0 X = n sin 0, — > (l.OO)sin^ = 77sin0 2 — > 

■ n ■ Ox 

sine/, = sin— . 

77 

Find the angle of incidence at the second surface. 

(90° - 0,) + (90° - + A = 180° -> 

0 i = A- 0 2 = 60.0° - 0, 

For the refraction at the second surface, we have this. 

« sin ^ =77 air sin0 4 = (l.OO)sin0 4 

The maximum value of 0 4 before internal reflection takes place at the second surface is 90°. For 

internal reflection to occur, we have the following. 

«sin0 3 = 77sin(J - 0,) > 1 — > n (sin Jcos0, - cos^4sin0,) > 1 

Use the result from the first surface to eliminate n. 

sin0, (sin Jcos0, - cos Jsin0,) ( sinJ ^ 

— — - — = sin 0j >1 -» 

(sin0 2 J tan 0 2 - cos A y 



f 1 1 , f 1 ^ 

~ yr +cosJ + cos60.0‘ 

1 |_y sm 0, ) J _ [l,sin45.0°J 

tan0, sinJ sin 60.0° 

tan0 2 < 0.452 -> 0,<24.3° 

Use the result from the first surface. 


sin0, _ sin 45.0° 
sin0 2max " sin24.3° 


77 >1.72 


2.210 — > or 


66. For the refraction at the side of the rod, we have n 2 sin/ = n x sin 0. 

The minimum angle for total reflection y occurs when 5 — 90°. I <.• 

1 ni 

77 2 siny min = (l .00) (l) = 1 -> sin/ mm =— "ono 

77 , 

Find the maximum angle of refraction at the end of the rod. /\p ^ \ 

B =90° - Y ■ ~ XI 

A^max / min V / 

Because the sine function increases with angle, for the refraction at a l\ n 2 

the end of the rod, we have the following. / 

« 1 sin «max = «2 sin^ max -> (l.00)sin« max = n 2 sin(90° - y miB ) = n 2 cos y mm 
If we want total internal reflection to occur for any incident angle at the end of the fiber, the 
maximum value of a is 90°, so n 2 cos y miB =1. When we divide this by the result for the refraction 
at the side, we get tany min = 1 — » y mln = 45°. Thus we have the following. 


sin45° 


■ = 1.414 
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67. We find the location of the image of a point on the bottom from the 
refraction from water to glass, using Eq. 32-8, with R = co . 


n 


n, w, - n, 

- + — = — L = 0 ->• 


■ini': 


d a d i 

cl = 


R 


1.58(12. Ocm) 


1.33 


= -14.26cm 


« I 2 : 

iifiL 


m 


of 


Using this image distance from the top surface as the object for the refraction from glass to air gives 
the final image location, which is the apparent depth of the water. 


~^ + — - = - 
d o2 <7 i2 


n, - n 


R 


2 = 0 — > d, 2 = - 


njd 1.00(13. Ocm + 14.26cm) 

- — 3-^- 1 L = -17.25 cm 


1.58 


Thus the bottom appears to be |1 7.3 cm below the surface of the glass) . In reality it is 25 cm. 

68. (a) We use Eq. 32-8 to calculate the location of the image of the fish. We 
assume that the observer is outside the circle in the diagram, to the 
right of the diagram. The fish is located at the center of the sphere so 
the object distance is 28.0 cm. Since the glass is thin we use the index 
of refraction of the water and of the air. Index 1 refers to the water, 
and index 2 refers to the air. The radius of curvature of the right side 
of the bowl is negative. 


- + — = ■ 


d„ d. 


d, = n~ 


R 


~ n. 


-» 



R 


d.. 


= 1.00 


1.00-1.33 1.33 


-28.0cm 28.0cm 


-28.0cm 


(b) 


The image is also at the center of the bowl. When the fish is at the center of the bowl, all small- 
angle light rays traveling outward from the fish are approximately perpendicular to the surface 
of the bowl, and therefore do not refract at the surface. This causes the image of the fish to also 
be located at the center of the bowl. 

We repeat the same calculation as above with the object distance 20.0 from the right side of the 
bowl, so d n = 20.0 cm. 


d, = ii- 


ti 2 - 77 , 

R 


d„ 


= 1.00 


1.00-1.33 1.33 


-28.0cm 20.0cm 


-18.3cm 


The fish appears closer to the center of the bowl than it actually is. 


69. (a) The accompanying figure shows a 
light ray originating at point O and 
entering the convex spherical surface 
at point P. In this case n 2 < n x . The 
ray bends away from the normal and 
creates a virtual image at point I. 
From the image and supplementary 
angles we obtain the relationships 
between the angles. 

6 { -a + P 0 2 =y + p 
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(b) 


(c) 


We then use Snell’s law to relate the incident and refracted angle. For this derivation we 
assume these are small angles. 

77, sin 0 , = n 2 sin9 2 — » n 1 9 1 =n 2 9 2 

From the diagram we can create three right triangles, each with height h and lengths d Q , d t , 
and R. Again, using the small angle approximation we obtain a relationship between the angles 
and lengths. Combining these definitions to eliminate the angles we obtain Eq. 32-8, noting that 
by our definition d { is a negative value. 


h h n h 

n { 9 { -n 2 9 2 — > n l (a + P) = n 2 {y + J3) = n l a + n l j3 = n 2 y + n 2 /3 


— » 


h 


h 


n, h /ij — -n 2 


h 


h 


, . +77, — 

H) R 


d 0 ' R 

This image shows a concave surface with 
n 2 > 7i, . Again, we use the approximation 
of small angles and sign convention that 
R < 0 and d { < 0. We write relationships 
between the angles using supplementary 
angles, Snell’s law, and right triangles. 
Combining these equations to eliminate 
the angles we arrive at Eq. 32-8. 

= P -a ; 0 2 =/3-y ; a = ; 


- + ^ = 


77, - 77. 


R 



r 




h 


Hi) ’ (-*) 

n x d l -n 2 d 2 — > TZj (/?- a) = n 2 (fi-y) - n x P~n x a = n 2 (3-n 2 y — » 
h 


h 

- 77, = 77, 


fl\ . . fit fir) . . Ylry 

i-R) d o H) H) 

This image shows a concave surface with 
77, < 77 1 . Again, we use the approximation 
of small angles and sign convention that 
R< 0 and d { < 0. We write relationships 
between the angles using supplementary 
angles, Snell’s law, and right triangles. 
Combining these equations to eliminate the 
angles we arrive at Eq. 32-8. 

0\=P~Y i 0 2 =f-a ; a = 

H) 


-» 


77, 77, 77, - 77, 

d o d i 


R 



- h ■ a- h 
7 d a ’ P {-R) 


n l 9 l =n 2 9 2 — > n l (fl-y) = n 2 (fi-a) = n l P-n 1 y = n 2 fi-n 2 a — > 
h h h h 


7 s~ n \ 

H) d 0 


— 77 


H) 2 H) 




77 , 77 , 77 2 - 77, 


t/: 


7? 
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70. 


We consider two rays leaving the coin. These rays refract 
upon leaving the surface and reach the observer’s eye with 
angles of refraction all very near 9 = 45°. Let the origin of 
coordinates be at the actual location of the coin. We will 
write straight-line equations for each of two refracted rays, 
one with a refraction angle of 9 and the other with a 
refraction angle of 9 + d9 , and extrapolate them back to 
where they intersect to find the location of the image. We 


utilize the relationship / (x + dx) = /(x) + j — 

First, apply Snell’s law to both rays. 

Ray # 1 , leaving the coin at angle tp. 
n sirup = sin 9 

Ray # 2, leaving the coin at angle tj) + d(j). 


dx. 



nsin{tp + dtp) = sin (9 + d9) 


Note the following relationship involving the differential 

, , d(sintp) 

sinytp + d tp) - sirup + — -dtp -sirup + cos tpdtp ; 

dtp 

So for Ray # 2, we would have the following Snell’s law 
n [sin tp + cos tpdtp) = [sin 9 + cos 9d9] — > /zsin^-f- 


angles. 

sin (9 + d9) = sin9 + cos9d9 
relationship. 

ncostpdtp - sint? + cos9d9 — > 


ncostpdtp- cos 9d9 — > dtp- cos ^ dff 

n cos tp 

This relationship between dtp and d6 will be useful later in the solution. 

leaves the water of 
leaves the water is 

as follows. 


Ray # 1 leaves the water at coordinates x, = h ta.rup, y, = h and has a slope after it 
tw, = tan(90° -9)- cot 9. Thus a straight-line equation describing ray # 1 after it 


y-y, = (x-x 1 )m l — > y -h + (x-h tan tp) cot 9 
Ray # 2 leaves the water at the following coordinates. 


x 2 = h tan [tp dtp) = h 


d (tzrrtp) 

tan^-i — -dtp 

dtp 


= /7^tan^ 


+ sec" 


y, = h 


Ray # 2 has the following slope after it leaves the water. 


m 2 = tan [90° -(9 + d9)^ = cot (9 + d9) = cot# + — ^ — — —d9- cot 9- esc 2 9d9 


d9 


Thus a straight-line equation describing ray # 2 after it leaves the water is as follows. 
y-y 2 = (x-x 2 )ny — » y = h + (x -h^t&ntp + sec 1 ^rf^Jj[cot 9-csc 2 9d9~^ 

To find where these rays intersect, which is the image location, set the two expressions fory equal to 
each other. 

h + (x - h tan^i)cot 9 - h + ^x-/z[jan^ + sec 2 tPdtp])[cot9 -esc 2 9d9\ -> 

Expanding the terms and subtracting common terms gives us the following. 

xcsc 2 9d9 - h tan tp esc 2 9d9-h sec 2 tpdtpco\9 + Asec 2 tpdtp esc 2 9d9 
The first three terms each have a differential factor, but the last term has two differential factors. 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

340 


Chapter 32 


Light: Reflection and Refraction 


That means the last term is much smaller than the other terms, and so can be ignored. So we delete 
the last term, and use the relationship between the differentials derived earlier. 

2 rt 1 s ) . , 2 /i 7 2 /t/ , ^ // COS# 


xcsc” Odd -h tan ^csc” 6d0-h sec' <f>d<f>cotd 

cos# 


dcj) ■ 


-d6 — » 


n cos < 


xcsc” Odd -h tan^csc” OdO-h sec' 


dOcotO 


n cos( 


x-h 


tan^S-sec 2 


, cos# cot# 

' — 

ncosd esc” # 


= A 


tan (t> - - 


cos 2 #sin# 


/zcos 


Now we may substitute in values. We know that # = 45° and h - 0.75 m. We use the original 
relationship for ray # 1 to solve for <f>. And once we solve for x, we use the straight-line equation for 
ray # 1 to solve for v. 

• / • „ , . -i # . -i sin45° ... 

«sin0 = sm# — > tp - sin - = sm = 32.12 

n 1.33 


■ h 


tan< 


cos 2 #sin# 


n cos 


■ 0.75 


tan32. 12 - 


cos 2 45 sin 45 
1.33cos 3 32.12 


■ 0.1427 m 


y = h + (x-/z tan (jf) cot# = 0.75 + (0.1427 -0.75 tan 32. 12) cot 45 = 0.4264m 


The image of the coin is located |0.14 m toward the viewer and 0.43 m above) the actual coin. 


71. Use Eq. 32-2 to determine the location of the image from 
the right mirror, in terms of the focal length. Since this 
distance is measured from the right mirror, we subtract 
that distance from the separation distance between the two 
mirrors to obtain the object distance for the left mirror. 

We then insert this object distance back into Eq. 32-2, 
with the known image distance and combine terms to 
write a quadratic equation for the focal length. 


iil!_ 


- 0.50 ill - 


- 0.50 m - 


1 1 


— — ! — ^ d - , — 


/ d ol d a 


d o2 =D-d ix =D- 


fiL 

f d oX ) d oX -f 


fd oi _ Dd ol - jD- fd oi 


7 


— +— 

d a 2 d l2 


d 0 \ ~ f 
d 0l ~f 


d ol ~f 

1 _ d i2 d ol - fd i2 + Dd ol -fD- fd ol 


- + 


Dd ol - fD - fd oX d i2 d i2 (Dd oX -JD-fd oX ) 
d l2 ( Dd oX - fD- fd ol ) = d.JJ - f 2 d i2 + fDd oX - f 2 D - f 2 d oX 

f~ [d,2 + D + d oX ] - f[2d i2 d oX +Dd oX + Dd i2 ]+ Dd oX d i2 = 0 

We insert the values for the initial object distance, final image distance, and mirror separation 
distance and then solve the quadratic equation. 

f 2 [0.50m + 1.00m + 0.50m] -/^(OAOm) 2 +2(l.00m)(0.50m)l + (l.00m)(0.50m) 2 =0 
(2.00m) / 2 -(l.50m 2 )/ + 0.25m 3 = 0 

:^(l.50m 2 ) 2 -4(2.00m)(0.25m 3 ) 


1.50 m 2 ±. 


/ = 


0.25 m or 0.50 m 


2(2. 00m) 

If the focal length is 0.25 m, the right mirror creates an image at the location of the object. With the 
paper in place, this image would be blocked out. With a focal length of 0.50 m, the light from the 
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right miiTor comes out as parallel light. No image is formed from the right mirror. When this 
parallel light enters the second mirror it is imaged at the focal point (0.50 m) of the second mirror. 
72. ( a ) We use Snell’s law to calculate the refracted angle within the medium. 

Then using the right triangle formed by the ray within the medium, we can 
use the trigonometric identities to write equations for the horizontal 
displacement and path length. 

sin^ 


0 b ) 


sin 9 { -n sin #, 


D 




sin 0 2 = - 


cos#, = — — — > £ = 


2D 


2D 


sin#, = 


£/2 

d/2 

£/ 2 


cos # 2 ^ 1-sin 2 #. 

— > d - £sin#, = 


2nD 


yjn 2 - sin 2 #, 


2 nD sin #, 

2D sin #j 

^7i 2 -sin 2 #, n 

yjn 2 - sin 2 #j 


Evaluate the above expressions for # t = 0°. 
2 nD 2nD 


1 = 


yjn 2 - sin 2 #j 


= 2D ; sin #, 


d 2 

£/ 2 


— ) # — 


2ZT sin #j 
y]n 2 - sin 2 #j 



= 0 


These are the expected values. 


73. 


(a) The first image seen will be due to a single reflection off the front glass. This image will be 
equally far behind the mirror as you are in front of the mirror. 


D. -2x1.5 m= 3.0 m 


The second image seen will be the image reflected once off the front mirror and once off the 
back mirror. As seen in the diagram, this image will appear to be twice the distance between the 
mirrors. 


D,=1.5m + 2.2 m + (2.2 m - 1 .5 m)=2 x 2.2 m = | 4.4 m 


The third image seen will be the image reflected off the front mirror, the back mirror, and off 
the front mirror again. As seen in the diagram this image distance will be the sum of twice your 
distance to the mirror and twice the distance between the mirrors. 


D, — 1 .5 m + 2.2 m + 2.2 m +1 .5 m=2 x 1 .5 m + 2 x 2.2 m = 7.4 m 


The actual person is to the far right in the diagram. 



(. b ) We see from the diagram that the first image is facing toward you |; the second image is facing 


away from you |; and the third image is facing toward you. 


74. Find the angle of incidence for refraction from water into air. 

«wate r sin#i=« air sin # 2 -> 

(1.33) sin #, = (l.00)sin(90.0° - 13.0°) -> #, =47.11° 
(1.33) sin #, =(l.00)sin(90.0° - 13.0°), 

We find the depth of the pool from tan# t = x/h. 



© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

342 


Chapter 32 


Light: Reflection and Refraction 


tan47.1 1° = (5.50m)//t 


h - 5.1 lm 


75. The apparent height of the image is related to the angle 
subtended by the image. For small angles, this angle is the 
height of the image divided by the distance between the 
image and viewer. Since both images are virtual, which 
gives a negative image distance, the image to viewer 
(object) distance will be the object distance minus the 
image distance. For the plane mirror the object and image 
heights are the same, and the image distance is the 
negative of the object distance. 

h h 

h=h : d =-d ; 0 . = i— = — 2 - 

10,1 0 ’ plane d a -d x 2 d 0 

We use Eq. 32-2 and 32-3 to write the angle of the image in the convex mirror in terms of the object 
size and distance. 

d;-2dj 



111 , d J 

- — + — t/, = - 

f d 0 d, d 0 -f 

j \ = _fL fj - Ml = K L 
K d a 1 d 0 d 0 — f 




— ^ d n — d ■ — ■ 


d 0 ~f 


K _ 

( Kf ] 

f d a — f ] 

-Kf 

d 0 ~d i 

[d 0 -f J 

Vl-ldJ } 

d 2 0 ~2dj 


We now set the angle in the convex mirror equal to Vi of the angle in the plane mirror and solve for 
the focal length. 

-Kf K 


<9 






^convex 2 plane ' 7 2 j r a i 

d 0 ~2dJ 4d a 
We use Eq. 32-1 to calculate the radius of the mirror. 


-4dJ = d 0 -2dJ -» / = -\d 0 


r = 2/ = 2(-K) = -rf 0 = 


-3.80m 


76. For the critical angle, the refracted angle is 90°. For the refraction from plastic to air, we have the 
following. 


"plastic sin <9 plastic =« air sin <9 ai 


Aplastic 


ic sin39.3° = (l.00)sin90° 


"plastic = 1 -5788 


For the refraction from plastic to water, we have the following. 

(I.5788)sin6>; iastic =(l.33)sin90° 


"plastic Sin plastic = "water sin ^water 


plastic = 


77. The two students | chose different signs for the magnification, | i.e., one upright and one inverted. 
The focal length of the concave mirror is / = fR — j(46cm) = 23 cm. We relate the object and 
image distances from the magnification. 

«7 = -— — > ±3 = -— — > d- = + 3d 
d„ d n 


Use this result in the mirror equation. 


J 

\d 0 j 




1 

1 — ^ 

/ 


f \ A 
\d a j 


( + 2d o ) 


1 2 f 4 f 

- — — > d n = , = 15. 3cm, 30. 7cm 

/ 0 3 3 


So the object distances are |15 cm (produces virtual image)) , and |+3 1 cm (produces real image)) . 
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78. The object “creates” the Ii images as reflections from the actual 
mirrors. The I 2 images can be considered as images of the T 
“objects,” formed by the original mirrors. A specific I 2 image is the 
image of the T “object” that is diametrically opposite it. Then the I 3 
image can be considered as an image of the 1 2 “objects.” Each I 2 
“object” would make the I 3 “image” at the same location. We can 
consider the extension of the actual mirrors, shown as dashed lines, 
to help understand the image formation. 



79. 


The total deviation of the beam is the sum of the deviations at 
each surface. The deviation at the first surface is the refracted 
angle 6 n subtracted from the incident angle 0 X . The deviation 
at the second surface is the incident angle 0-. subtracted from 
the refracted angle 0_ x . This gives the total deviation. 

8 — 8 X + S 2 — 0 X — 0 2 + 0^ — 0 2 

We will express all of the angles in terms of 0 2 . To minimize 
the deviation, we will take the derivative of the deviation with 
respect to d 2 , and then set that derivative equal to zero. Use Snell’s law at the first surface to write 
the incident angle in terms of the refracted angle, 
sin 0 X = n sin 0 2 — > 0 X - sin -1 [n sin d 2 ) 

The angle of incidence at the second surface is found using complementary angles, such that the sum 
of the refracted angle from the first surface and the incident angle at the second surface must equal 
the apex angle. 

tf> — 0 2 + 0 2 — > 0 2 —tj) — 0 2 

The refracted angle from the second surface is again found using Snell’s law with the deviation in 
angle equal to the difference between the incident and refracted angles at the second surface. 

«sin 0 3 =sin 0 4 — » 0 4 = sin 1 («sint? 3 ) = sin 1 («sin(y- 0 ,)) 

Inserting each of the angles into the deviation and setting the derivative equal to zero allows us to 
solve for the angle at which the deviation is a minimum. 

8 = sin -1 («sin # 2 )-# 2 +sin _1 (nsin(^- 0 2 ))-(^- 0 2 ) 

= sin -1 («sin#,) + shr' (nsm(<j>- 0 1 )) -tj) 



d8 

d0 2 


n cost ? 2 ncos(<f>-0 2 ) 

^/l-n 2 sin 2 0 2 - n 2 sin 2 (0 - 0 2 ) 


= 0 


6 2 — (f> — 6 2 




d 2 


In order for 0 2 - (I, the ray must pass through the prism horizontally, which is perpendicular to the 
bisector of the apex angle tj). Set 0 2 =\(f> in the deviation equation (for the minimum deviation, S m ) 
and solve for the index of refraction. 

8 m =sin _l (nsin^ + suT 1 («sin(^- 0 2 ))-^ 

= shT 1 (/isin + snT 1 (nsin^) -tj) = 2 sfrr' (nsin^) — tj> 

sin(j(£,„ +<ft)) 

-» n = — — 

sin \<j) 
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80. For the refraction at the second surface, we have this. 

«sin# 3 =« ail sin# 4 — > (l.58)sin0 3 = (l.00)sin# 4 
The maximum value of 0 A before internal reflection takes place 
at the second surface is 90°. Thus for internal reflection not to 
occur, we have 

(1.58)sin0,<l.OO -> sin0 3 < 0.6329 -> 0 2 < 39.27° 

We find the refraction angle at the second surface. 

(90°-6> 2 ) + (90°-<9 3 ) + ,4 = 180° -> 

0 2 =A-0 3 = 12° - 0 2 
Thus 0 2 > 72° - 39.27° = 32.73°. 

For the refraction at the first surface, we have the following. 

» air sin 0 X = n sin 0 2 — > (l.OO)sin0, = (l.58)sin# 2 — > sin#, = (l.5O)sin0 2 
Now apply the limiting condition. 

sin6> >(l.58)sin32.73° = 0.754 >58.69° 



81. (a) Consider the light ray shown in the figure. A ray of light 


A 


starting at point A reflects off the surface at point P before 
arriving at point B, a horizontal distance l from point A. We 



calculate the length of each path and divide the length by the /?, 

0, 

0,/ 

speed of light to determine the time required for the light to 

x \ 

Zl-x 

travel between the two points. 


P 

Jx 2 + h 2 JU-xY +h 2 

e— 



t = - 


- + - 


c c 

To minimize the time we set the derivative of the time with respect to x equal to zero 
use the definition of the sine as opposite side over hypotenuse to relate the lengths to 
of incidence and reflection. 

-(£-*) 


. We also 
the angles 


0 = — = ■ 
dx 


■4 


x 2 + h: 


r + - 




-» 


+ h; 


(t-x) 


7 


x 2 + h 2 


V ( £ - x ) 2 


+ h; 


— > sin^^sin^, — > 0 x -0. 


C b ) 


Now we consider a light ray traveling from point A to point B 
in media with different indices of refraction, as shown in the 
figure. The time to travel between the two points is the 
distance in each medium divided by the speed of light in that 
medium. 


t = 


Jx 2 +h 2 | J(l-x) 2 +k 


c/n, 


c 


I W "-2 

To minimize the time we set the derivative of the time with 
respect to x equal to zero. We also use the definition of the 
sine as opposite side over hypotenuse to relate the lengths to 
the angles of incidence and reflection. 



h 2 

B 
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dt _ n x x -n 2 (i — x) n x x 

dx c^jx 2 +h x c^J(i-xf + h 2 sl x ~ + K 


n 2 (£- jc) 

A l(t-x ) 2 + h 2 


«, sint?, = n , smd 2 


82. 


We use Eq. 32-8 to calculate the location of the image and Eq. 32-3 to calculate the height of the 
image. 


tl l + n 2 _ n 2~ n i 


d. 


R 


-» cl , = i i- 


it 2 - n t 
R 


d 0 

36.3 cm 


= 1.53 


1.53-1.33 1.33 


2.00cm 23cm 


36.3cm 


h- d ■ , , u • / \ 

— = L — > h = -h - = -(2.0 mm) 

h„ d n d„ 23 cm 


3.2 mm 


83. A ray of light initially on the inside of the beam will strike the far surface at the 
smallest angle, as seen in the associated figure. The angle is found using the 
triangle shown in the figure, with side r and hypotenuse r+d. We set this angle 
equal to the critical angle, using Eq. 32-1, and solve for the minimum radius of 
curvature. 

■ n r n 2 1 

sm 9 C = = — = > 

r + d 77, 77 


d 

77 — 1 


/ 



84. A relationship between the image and object distances can be obtained from the given information. 
1 d t , . , 

777 = — = L — » d= \d n 

2d „ 120 


7.5cm 


Now we find the focal length and the radius of curvature. 

Ill 1 11 , 

— + — = — — > + = — -y f = 5.0cm -> 

d o d- f 15 cm 7.5 cm / 


r = 1 0 cm 


85.| If total internal reflection fails at all, it fails for a « 90°. Assume 
a = 90° and use Snell’s law to determine the maximum fi 

fl 

77, sin/? = 77, sin a = n { sin 90° = n x — » siny0 = — 


light (if not totally internally reflected) would exit the top surface, 
using the relationship fd + y - 90° since they form two angles of a right triangle 

77, sinc7 = ?;, siny = 77 2 sin(9O°-y0) = 77 2 cosy0 — > sinS = —cosj3 



Using the trigonometric relationship cos J3 = yj 1 - sin 2 J3 we can solve for the exiting angle in terms 
of the indices of refraction. 


sm 


S = —^Jl-sin 2 f3 =—. l- 


1 

/ X 

2 

1 - 

77, 





\ n 2 J 



Insert the values for the indices ( 77, = 1 .00 and 77 , = 1 .5 1 ) to determine the sine of the exit angle, 
sine? = - 


1.51 L fl.00^ 


1.00 


1- 


1.51 


= 1.13 


Since the sine function has a maximum value of 1, the light totally internally reflects at the glass-air 
interface for any incident angle of light. 
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If the glass is immersed in water, then n x =1.33 and n 2 = 1.51 . 

I s To 

1.51 


sin 8 = - 


1.33' 


1 - 


1.33 

1.51 


= 0.538 -► S = sin 0.538 = 32.5° 


Light entering the glass from water at 90° can escape out the top at 32.5°, therefore total internal 


reflection only occurs for incident angles |< 32.5° 


86. The path of the ray in the sphere forms an isosceles triangle with 
two radii. The two identical angles of the triangle are equal to the 
refracted angle. Since the incoming ray is horizontal, the third 
angle is the supplementary angle of the incident angle. We set the 
sum of these angles equal to 180° and solve for the ratio of the 
incident and refracted angles. Finally we use Snell’s law in the 
small angle approximation to calculate the index of refraction. 

20 x + (180° -0)-l 80° 0 = 20 t 


/ i x sint? = n 2 sint? 


0 = n0, = 26> 


77 = 2 



87. 


The first graph is a graph of n vs. /.. The second graph is a graph n vs. of 1 / X 1 . By fitting a line of 

the form n-A + B/X 1 , we have A = 1.50 and B = (5.7 4 x 1 (T 3 (T 6 nrrf 2 = 

The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH32.XLS,” on tab “Problem 32.87.” 


5740nm 2 . 




88. (a) 


As the light ray enters the water drop, its path changes 
by the difference between the incident and refracted angles. 
We use Snell’s law to calculate the refracted angle. The 
light ray then reflects off the back surface of the droplet. 

At this surface its path changes by 1 80° - 20 [ , as seen in 
the diagram. As the light exits the droplet it refracts again, 
changing its path by the difference between the incident 
and refracted angles. Summing these three angles gives the 
total path change. 


sin 0 = 77 sin 0 r — » 0 T - sin 


^sin6f 
l n ) 


\ 

\ 



</> = ( 0 - 0 x ) + ( 1 8 O’ 3 - 2 0 r ) + ( 0 - 0 r ) = 1 8 O' 3 + 2 0 - 4 6> 


180° + 26»-4siW I, " Sin ' 9 
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(. b ) Here is the graph of (f) vs 0. 

The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH32.XLS,” on 
tab “Problem 32.88.” 

(c) On the spreadsheet, the 
incident angles that give 
scattering angles from 138° to 
140° are approximately 
48.5° < 0 < 54.5° and 
64.5° <0< 69.5°. This is 
1 1/90 of the pos sible incident 
angles, or about |l2% . 
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Responses to Questions 

[F] The film must be placed behind the lens at the focal length of the lens. 

2. The lens moves farther away from the film. When the photographer moves closer to his subject, the 
object distance decreases. The focal length of the lens does not change, so the image distance must 

increase, by Eq. 33-2, — = — + — . 

/ d o d K 

3. Yes. Diverging lenses, by definition, cause light rays to diverge and will not bring rays from a real 
object to a focal point as required to form a real image. However, if another optical element (for 
example, a converging lens) forms a virtual object for the diverging lens, it is possible for the 
diverging lens to form a real image. 

4. A real image formed by a thin lens is 
on the opposite side of the lens as the 
object, and will always be inverted as 
shown in the top diagram. A virtual 
image is formed on the same side of 
the lens as the real object, and will be 
upright, as shown in the bottom 
diagram. 


5. Yes. In the thin-lens equation, the variables for object distance and image distance can be 
interchanged and the formula remains the same. 

6. Yes, real images can be projected on a screen. No, virtual images cannot, because they are formed by 
diverging rays, which do not come to a focus on the screen. Both kinds of images can be 
photographed. The lenses in a camera are designed to focus either converging or diverging light rays 
down onto the film. 

[ 7 ] (a) Yes. The image moves farther from the lens. 

(b) Yes. The image also gets larger. 

8. The mirror equation and the lens equation are identical. According to the sign conventions, d > 0 
indicates a real object or image and d < 0 indicates a virtual object or image, for both mirrors and 
lenses. But the positions of the objects and images are different for a mirror and a lens. For a mirror, 
a real object or image will be in front of the mirror and a virtual object or image will be behind the 
mirror. For a lens, a real image will be on the opposite side of the lens from a real object, and a 
virtual image will be on the same side of the lens as the real object. 
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9. 


No. The lens will be a diverging lens when placed in water because the 
index of refraction of the lens is less than the index of refraction of the 
medium surrounding it. Rays going from water to lens material will bend 
away from the normal instead of toward the normal, and rays going from 
the lens back to the water will bend towards the normal. 



10. A virtual image created by a previous lens can serve as a virtual object for a second lens. If the 

previous lens creates an image behind the position of the second lens, that image will also serve as a 
virtual object for the second lens. 


11. Assuming that the lens remains fixed and the screen is moved, the dog’s head will have the greater 
magnification. The object distance for the head is less than the object distance for the tail, because 
the dog is facing the mirror. The image distance for the head will therefore be greater than the image 
distance for the tail. Magnification is the ratio of the image distance to the object distance, so will be 
greater for the head. 


12. If the cat’s nose is closer to the lens than the focal point and the tail is farther from the lens than the 
focal point, the image of the nose will be virtual and the image of the tail will be real. The virtual 
image of the front part of the cat will be spread out from the image of the nose to infinity on the 
same side of the lens as the cat. The real image of the back part of the cat will be spread out from the 
image of the tail to infinity on the opposite side of the lens. 


13. 


The technique for determining the focal length of the diverging lens in Example 33-6 requires the 
combination of the two lenses together to project a real image of the sun onto a screen. The focal 
length of the lens combination can be measured. If the focal length of the converging lens is longer 
than the focal length of the diverging lens (the converging lens is weaker than the diverging lens), 
then the lens combination will be diverging, and will not form a real image of the sun. In this case 
the focal length of the combination of lenses cannot be measured, and the focal length of the 
diverging lens alone cannot be determined. 


14. A double convex lens causes light rays to converge because the 
light bends towards the normal as it enters the lens and away 
from the normal as it exits the lens. The result, due to the 
curvature of the sides of the lens, is that the light bends towards 
the principal axis at both surfaces. The more strongly the sides of 
the lens are curved, the greater the bending, and the shorter the 
focal length. 



15. Yes. The relative values of the index of refraction of the fluid and the index of refraction of the lens 
will determine the refraction of light as it passes from the fluid through the lens and back into the 
fluid. The amount of refraction of light determines the focal length of the lens, so the focal length 
will change if the lens is immersed in a fluid. No, the image formation of the spherical mirror is 
determined by reflection, not refraction, and is independent of the medium in which the mirror is 
immersed. 
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16. The lens material is air and the medium in which the lens is 
placed is water. Air has a lower index of refraction than water, 
so the light rays will bend away from the normal when entering 
the lens and towards the normal when leaving the lens. 

(a) A converging lens can be made by a shape that is thinner in 
the middle than it is at the edges. 

( b ) A diverging lens will be thicker in the middle than it is at 
the edges. 

17. If the object of the second lens (the image from the first lens) is exactly at the focal point, then a 
virtual image will be formed at infinity and can be viewed with a relaxed eye. 

18. The corrective lenses will not work the same underwater as in 
air, and so the nearsighted person will probably not be able to 
see clearly underwater. The difference in the index of 
refraction of water and glass is much smaller than the 
difference in the indices for air and glass, so the lenses will not 
cause the incoming rays to diverge sufficiently. 

19. Nearsighted. Diverging lenses are used to correct nearsightedness and converging lenses are used to 
correct farsightedness. If the person’s face appears narrower through the glasses, then the image of 
the face produced by the lenses is smaller than the face, virtual, and upright. Thus, the lenses must be 
diverging, and therefore the person is nearsighted. 

20. All light entering the camera lens while the shutter is open contributes to a single picture. If the 
camera is moved while the shutter is open, the position of the image on the film moves. The new 
image position overlaps the previous image position, causing a blurry final image. With the eye, new 
images are continuously being formed by the nervous system, so images do not “build up” on the 
retina and overlap with each other. 

21. Squinting limits the off-axis rays that enter the eye and results in an image that is formed primarily 
by the center part of the lens, reducing spherical aberration and spreading of the image. 

22. The image formed on the retina is inverted. The human brain then processes the image so that we 
interpret the world we see correctly. 

23. Both reading glasses and magnifiers are converging lenses used to produce magnified images. A 
magnifier, generally a short focal length lens, is typically used by adjusting the distance between the 
lens and the object so that the object is exactly at or just inside the focal point. An object exactly at 
the focal point results in an image that is at infinity and can be viewed with a relaxed eye. If the lens 
is adjusted so that it focuses the image at the eye’s near point, the magnification is slightly greater. 
The lenses in reading glasses typically are a fixed distance from the eye. These lenses cause the rays 
from a nearby object to converge somewhat before they reach the eye, allowing the eye to focus on 
an object that is inside the near point. The focal length of the lens needed for reading glasses will 
depend on the individual eye. The object does not have to be inside the focal point of the lens. For 
both reading glasses and magnifiers, the lenses allow the eye to focus on an object closer than the 
near point. 



Diverging lens 
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24. The relationship between d, and d 0 for a given lens of focal length /is given by Eq. 33-2, 

1 = — . The focal length is fixed for a camera lens, so if the lens focuses on a closer object, 

d 0 d x f 

d 0 decreases and therefore d\ must increase. An increase in d\ means that the lens must be farther 
from the film. 




25.| The curved surface should face the 
object. If the flat surface faces the 
object and the rays come in parallel 
to the optical axis, then no bending 
will occur at the first surface and all 
the bending will occur at the second 
surface. Bending at the two surfaces 
will clearly not be equal in this case. The bending at 
the two surfaces may be equal if the curved surface 
faces the object. 


If the parallel rays from the distant object come in 
above or below the optical axis with the flat side 
towards the object, then the first bending is actually 
away from the axis. In this case also, bending at both surfaces can be equal if the curved side of the 
lens faces the object. 




26. For both converging and diverging lenses, the focal point for violet light is closer to the lens than the 
focal point for red light. The index of refraction for violet light is slightly greater than for red light 
for glass, so the violet light bends more, resulting in a smaller magnitude focal length. 


Solutions to Problems 


0 


2 . 


(a) From th e ray diagram, the object distance is about 

0 b ) 


480 cm 


We find the object distance from Eq. 33-2. 

< , . 

fd { (215mm)(373mm) 


~ + d~7 


-» 


d=- 


508 mm 


d { -f 373mm-215mm 

NOTE: In the first printing of the textbook, a different set 
of values was given: / = 75.0 mm and d t - 88.0 mm. 

Using that set of values gives the same object distance as 
above. But the ray diagram would be much more 
elongated, with the object distance almost 7 times the focal length. 



(a) To form a real image from parallel rays requires a converging lens. 
(. b ) We find the power of the lens from Eqs. 33-1 and 33-2. 

1 


1 1 _ 1 _ D _ 1 

1 — — — P — h - 

d a d l f co 0.185 m 


5.41D 
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3. 


4. 


(a) The power of the lens is given by Eq. 33.1 

E = — = 1 

/ 0.235 m 


4.26 D 


This lens is 


converging 


( b ) We find the focal length of the lens from Eq. 33.1 

1 


P = — / = — = — 

/ D 6.75D 


-0.148m 


This lens is [diverging 


To form a real image from a real object requires a [converging lens| . We find the focal length of the 
lens from Eq. 33-2. 

d 0 d t _ (l.85m)(0.483m) 


111 

t — — ^ f ~ ' 

d a d { f d a + d- 


1.85m + 0.483m 


0.383m 


Because d i > 0, the image is real. 


5. (a) We find the image distance from Eq. 33-2. 

Ill df (I0.0m)(0.105m) 

d a d { f d a -f 10.0 m -0.1 05 m 

( b ) Use the same general calculation. 

dj _(3.0m)(0.105m) 


= 0.106m = 


106 mm 


= 0.109m = 


109 mm 


d-=- 

d 0 -f 3.0m-0.105m 

(c) Use the same general calculation. 

d dj (l.0m)(0.105m) 
d 0 -f 1.0m-0.105m 

(d) We find the smallest object distance from the maximum image distance. 

d, -f 


= 0.1 17m = 


117mm 


11 1 '' (132 mm) (105 mm) 

+ = — — > d , = = - — - = 513mm = 

d 0 d { f min d t f 132 mm -105 mm 


0.513m 


6 . 


(a) We locate the image using Eq. 33-2. 

Ill , d f (I8cm)(28cm) 

d 0 d- f d 0 - f 18 cm -28 cm 


= -50.4cm « -50cm 


The negative sign means the image is 50 cm behind the lens (virtual) 
( b ) We find the magnification from Eq. 33-3. 
d { (-50.4cm) 


m — = -- 


d„ 


(18 cm) 


+ 2.8 


0 (a) The im age should be upright for readin g. The image 

will be [virtual, upright, and magnified . 

(b) To form a virtua l, upright magnified image requires a 

(c) 


converging lens 


We find the image distance, then the focal length, and 
then the power of the lens. The object distance is given. 
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777 = -— — > d =-md„ 

d 0 

„ 1 1 1 d+d n -md„ + d„ 777 -I 2.5-1 

J_) __ _|_ 1 o o o 

/ d a d t d o d i d 0 {-md 0 ) md 0 (2.5)(0.090m) 


6.7 D 


Use Eqs. 33-1 and 33-2 to find the image distance, and Eq. 33-3 to find the image height. 
J_ J_ = j_ = ^ d _ d 0 _ (0.125m) 

d a + d x f 1 Pd 0 - 1 (-8.00D)(0.125m)-l 


= -0.0625 m = 


-6.25 cm 


Since the image distance is negative, the image is |virtual and behind the lens| 


777 = — = — — — » h x - — — h 0 - -L^£H(ioomm) = 0.5 00 mm (upright) 
/?., 12.5 cm 


9. First, find the original image distance from Eqs. 33-1 and 33-2. 

d 0 (l.50m) 


u + i.i =P 

d a d { f 


d = 


Pd 0 -1 (8.00D)(1.50m) - 1 

(a) With d 0 = 0.60m, find the new image distance. 

d B (0.60m) 


= 0.1364m 


— + — = — = P 

d a d, f 


d = 


Pd a - 1 (8.00D)(0.60m)-l 

Thus the image has moved 0.1579m - 0.1364m = 0.0215m 
(. b ) With d 0 = 2.40m, find the new image distance. 

J_ J_ = j_ = ^ d _ d a _ (2.40m) 

d a d, f ^ ' Pd o - 1 (8.00D)(2.40m) - 1 


= 0.1579 m 

away from the lens. 


0.02m 


The image has moved 0.1319m - 0.1364m = -0.0045m < 


= 0.1319m 

toward the lens. 


0.004 m 


10. (a) If the image is real, the focal length must be positive, the image distance must be positive, and 
the magnification is negative. Thus d t - 2.50 d 0 . Use Eq. 33-2. 


Ill 1 

1 — 1 

d„ d, d„ 2.50 d„ 


1 , 

— — — > d — 

f 


3.50 


/ = 


3.50 


(50.0mm) = 


70.0 mm 


,2.50 j U-50. 

( b ) If the image is magnified, the lens must have a positive focal length, because negative lenses 
always form reduced images. Since the image is virtual the magnification is positive. Thus 
d { - -2.50 d 0 . Again use Eq. 33-2. 


J 

d n d, c/„ 2.5 d n 


= — -> d r . = 

f 


f 1 .50 ^ 

i. (1.50 "j 



U-50J 

1 V2.50 J 


(50.0mm) = 


30.0 mm 


11. FromEq. 33-3, |^| = |A 0 | when d i =d 0 . So find d 0 from Eq. 33-2. 

1 1 _ 1 1 _ 1 , _ 0 _ 

— + — — — + — — — — ^ d —2 f — 
d a d i d o d 0 f 


50cm 


12. (a) Use Eqs. 33-2 and 33-3. 

Ill r df (l.30m)(0.135m) i 

— + — = — -» d. - — — — = - — - = 0. 1506m; 

d d x f d - f 1.30m -0.1 35m 


151mm 
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h d . , d- , 

m = — L — > /?, = -h - ■ 

h d d 


0.1506m 


(2.80cm) 


0.32-1 m 


1.30m 

The image is behind the lens a distance of 1 5 1 mm, is real, and is inverted 
(b) Again use Eqs. 33-2 and 33-3. 

Ill df (l.30m)(-0.135m) 

1 — — ^ d : — — 7 r 

d o d { f d Q — f 1.30m-(-0.135m) 


= -0.1223m; 


-122 mm 


m 


h d, , d, , (-0.1223m) . 

h d n d° 1.30m v ; 


0.263m 


The image is in front of the lens a distance of 122 mm, is virtual, and is upright. 


13. 


The sum of the object and image distances must be the distance between object and screen, which we 
label as rf T . We solve this relationship for the image distance, and use that expression in Eq. 33-2 in 
order to find the object distance. 

d 0 + d i =d 1 — > d l =d T -d 0 ; — + — = — + tv - d T d a + fd T =0 — > 

d 0 d- x d Q yd T ~d Q J f 


d = 


d T ± dj - 4 fd T (86.0cm) ± ^(86. 0cm)" -4 (16. 0cm) (86.0 cm) 


21.3cm, 64.7cm 


Note that to have real values for d 0 , we must in general have d\ - 4 fd T >0 — » d T >4f. 



14. 


For a real image both the object distance and image distances are positive, and so the magnification 
is negative. Use Eqs. 33-2 and 33-3 to find the object and image distances. Since they are on 
opposite sides of the lens, the distance between them is their sum. 


m = — — — > d t = -md a = 2.95 d a 
d a 

11111 

1 — — 1 — — — ^ d 

d a d, d a 2.95 d a f 



d { = 2.95 d a = 2.95(1 13.8cm) = 335.7cm 


d a + d i - 1 13.8cm + 335. 7 cm = 449.5cm « 


450cm 


15. (a) Use Eq. 33-2 to write an expression for the image distance in terms of the object distance and 
focal length. We then use Eq. 33-3 to write an expression for the magnification. 


7, 


+ ^“7 


— ^ d , — 


dj 

d 0 ~f 


d, 


m = = — - 


/ 


d„ 


d 0 ~f 
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0 b ) 
(c) 


id) 


These expressions show that when d B > f , the image distance is positive, producing a real 
image, and the magnification is negative, which gives an inverted image. 

From the above equations, when d a < f , the image distance is negative, producing a virtual 
image, and the magnification is positive, which gives an upright image. 

We set —d 0 = / and calculate the limiting image distance and magnification. 

d t _ / _ 1 

2 


d =tm=t 


-f-f 2 </„ -/-/ 2 

We also take the limit of large negative object distance. 

^ d. f 


(-go) / 

d, = - — ’—=f 

-GO-/ 


m = -- 


d„ 


-GO-/ 


= 0 


From these limiting cases, we see that when -d 0 > f , the image is [real and upright| with 
\f< d, < f and 0 <m<\. 

We take the limiting condition d 0 — > 0 , and determine the resulting image distance and 
magnification. 

A = _ / 

d„ 


a-@L-o 


0-f 


m — — - 


0 -/ 


= 1 


From this limit and that found in part (c), we see that when 0 < -d 0 < f , the image is [real and| 


upright) , with 0 <d { <jf and \ < m < 1 . 


16. (a) We use the magnification equation, Eq. 33-3, to write the image distance in terms of the 

magnification and object distance. We then replace the image distance in the mirror equation, 
Eq. 32-2, and solve for the magnification in terms of the object distance and the focal length. 
m = -djd 0 — > d i = -md 0 


(c) 


1 


1 

+ — 
d. 


-> 




1 


d n - md n 


-> 


m ■ 


f 


f~d 0 


(b) 



We set / = 0.45 m and 
draw a graph of the 
magnification as a function 
of the object distance. The 
spreadsheet used for this 
problem can be found on the 
Media Manager, with 

filename “PSE4_1SM_CH33.XLS,” on tab “Problem 33.16b.” 

The image and object will have the same lateral size when the magnification is equal to negative 
one. Setting the magnification equal to negative one, we solve the equation found in part (a) 
for the object distance. 

/ 


m ■ 


f~d 0 


= -l ^o=2/ = 


0.90m 


id) 


From the graph w e see that for the image to b e much larger than the object, the object should be 
placed at a point just beyond the focal point. 
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17. Find the object distance from Eq. 33-2. 

Ill 111 , fd j (0.105m)(6.50m) 

d n d- f d a d .f d-f 6.50m-0.105m 

Find the size of the image from Eq. 33-3. 


0.107m 


h d: 

m — — — = L 

h n d n 


— »• |^i| = — =——— (36mm) = 2187 mm: 
1 11 d° 0.107m V ’ 


2.2m 


18. (a) Use Eq. 33-2 with d a + d i -d T — > d i =d T -d 0 . 

1 1 


1 1 1 

- + — = — + - 


d 2 o -d T d 0 + fd T = 0 d a = d T± ^ 


d a d, d 0 (, d T -d 0 ) / u 1 “ ' 1 u 2 

There are only real solutions for d 0 if dj - 4 fd T >0 — » d T >4/. If that condition is met, 
then there will be two locations for the lens, at distances d 0 = \{d T ± ^jd 2 - 4ff j from the 

object, that will form shaip images on the screen. 

(b) If d T <4/, then Eq. 33-2 cannot be solved for real values of d 0 or d r 

(c) lfd T >4/, the lens locations relative to the object are given by d ol - + \Jdj - 4 fd T j and 

d Q 2 — ~2 yd*Y — • \]dj — 4/2/ T 


Ad = d ol -d o2 - + sjdj ~ 4 fd T j - \jdj -4 fd T j = \jd^- 4 fd 7 

Find the ratio of image sizes using Eq. 33-3. 


- h d a 


d 0 2 _ d[2 d ol _ dj d ol d ol 


K _u A. d a 2 d ix 

° n 
d 0 i 


d T d ol 


d x - j [dj - yjdj - 4 fd T j 

^{d T + ^jdj — 4 fdj j 


dj + dj — 4 fdj 

2 

{{dj-^jd 2 ~4fdj ) 

d j + -yj d\ -4 fdj j 


(dy-pi-Vdr) 



19.| (a) With the definitions as given in the problem, x = d a -f — > d a = x + f and x =d x - f 
d t = x' + f. Use Eq. 33-2. 

Ill 11 (*' + /) + (* + /) 1 

- + — = + = — ->• U — = — ->• 


d o d { x + f x' + f f 


(x + f)(x' + f) f 


(2 f + x + x’)f = (x + f)(x' + f) -> 2/ 2 +xf + xf = x'x + xf + fx' + f 2 -> f = x’x 
(. b ) Use Eq. 33-2. 

1 + 1 1 ^ dj (48.0cm)(38.0cm) 

d„ d-f d 0 -f 48.0cm -38.0cm 


182 cm 


O 1 


(c) Use the Newtonian form. 

f 2 

XX ' = / 2 —> X = — = 


(38.0cm) 2 


x (48.0cm-38.0cm) 


= 144.2 cm 


d i = x' + f = 144.2 cm + 38.0 cm = 182 cm 
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20. The first lens is the converging lens. An object at infinity will form an image at the focal point of the 
converging lens, by Eq. 33-2. 

11111 , , onn 
— + — = — = — + — — > d-,=f = 20.0cm 

4 1 d, /| oo d. 

This image is the object for the second lens. Since this image is behind the second lens, the object 
distance for the second lens is negative, and so d o2 = -6.0cm. Again use Eq. 33-2. 

d o2 fi _ (-6.0 cm) (-33.5 cm) 


1 1 _ 1 A 

1 — — — ^ d x 2 — 

d 0 2 d[ 2 fl 


d o2 -f 2 (-6.0cm)-(-33.5cm) 


= 7.3cm 


Thus the final image is real, | 7.3 cm beyond the second lens.| 


21. Find the image formed by the first lens, using Eq. 33-2. 


1 1 

1 

d n i d B 


1 


: — — ^ 

f 


d « = 


d oX f\ (35.0cm)(25.0cm) 


= 87.5 cm 


*oi ~ii JX d ol -f (35.0cm) -(25.0cm) 

This image is the object for the second lens. Because it is beyond the second lens, it has a negative 
object distance. 


d~ = 16.5cm -87.5cm = -71.0cm 


Find the image formed by the second lens, again using Eq. 33-2. 

A 


1 1 
■ + — 




d a - 


dpifi 


(-71.0cm)(25.0cm) 
v Iy = 18.5cm 


d oi f 2 (-71.0cm)-(25.0cm) 


Thus the final image is real, |1 8.5 cm beyond second lens. 


The total magnification is the product of the magnifications for the two lenses: 


d i i 


d. 


ol J 


4 

d. 


44 


o2 J 


d o\d 0 2 


(+87.5 cm) (+18.5 cm) 
(+35. 0 cm) (-7 1.0 cm) 


-0.651 x (inverted) 


22. From the ray diagram, the image from the first lens is a 
virtual image at the focal point of the first lens. This is a 
real object for the second lens. Since the light is parallel 
after leaving the second lens, the object for the second lens 
must be at its focal point. Let the separation of the lenses 
be L Note that the focal length of the diverging lens is 
negative. 

|/i | + ^ = fi 

|/j| = f 2 -1 = 34.0cm-24. 0cm = 10.0cm — » 


f x = -10.0 cm 


fl < 0 f 2 > 0 


fl 


k 


23. (a) The first image is formed as in Example 33-5, and so d iA = 30.0cm. This image becomes the 
object for the lens B, at a distance d oB - 20.0cm - 30.0cm = -10.0cm. This is a virtual object 
since it is behind lens N. Use Eq. 33-2 to find the image formed by lens B, which is the final 
image. 


1 


d 0 b/b 


1 _ 1 

~i — — — ^ d iB — ■ 

d lB /b d oB -f B 


(-10. 0 cm) (25. 0 cm) 
-10.0cm-25.0cm 


= 7.14cm 


So the final image is |7. 14 cm beyond lens B| . 
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(b) The total magnification is the product of the magnifications for the two lenses: 


V d oA J 


d n 

\ ^oB 


_ d iA d m _ (30.0cm)(7.14cm) 
d oA d oB (60.0cm)(-10.0cm) 


-0.357 


(c) See the ray diagram here. 


Lens A Lens B 



24. (a) Find the image formed by the converging lens, using Eq. 33-2. 

(33cm)(l8cm) 


J_ + J_ = ± d dj x 

d ol d it f x 11 d oX (33cm) -(18cm) 


= 39.6cm 


This image is the object for the second lens. The image is to the right of the second lens, and so 
is virtual. Use that image to find the final image. 

<7, = 12cm - 39.6cm = -27.6cm ; — + — = — — > 


d \2 


d o2 f 2 _ (-27.6cm)(-14cm) 


d o2 -f 2 (-27.6cm) -(-14cm) 


f 2 


= -28.4 cm 


So the final image is 28 cm to the left of the diverging lens, or |16 cm to the left of the 


converging lens 


( b ) The initial image is unchanged. With the change in the distance between the lenses, the image 
distance for the second lens has changed. 


1 1 


d 2 - 38cm - 39.6cm = -1.6cm ; — + — = — — > 


A 


d\i 


d J 2 _ (-1 -6cm) (-14cm) 


d o 2 -f 2 (-1.6cm) -(-14cm) 


= 1.8cm 


Now the final image is 1.8 cm to the right of the diverging lens. 


25.| ( a ) The first lens is the converging lens. Find the image formed by the first lens. 


Ill d o J\ (60. 0 cm) (20. 0 cm) 

— + — = — ->■ d ,= — = U = 30.0cm 

d oi d a /i 


d oi — fi (60.0cm) -(20.0cm) 

This image is the object for the second lens. Since this image is behind the second lens, the 
object distance for the second lens is negative, and so d o2 = 25.0cm -30.0cm = -5.0cm. Use 
Eq. 33-2. 

d 0 J 2 _ (-5-0 cm) (-10. 0cm) 


1 1 _ 1 , 

1 — — — ^ d- n — ■ 


d o2 d \2 


f 2 


■ f 2 (-5.0cm)- (-10. 0cm) 


= 10cm 


Thus the final image is real, |10 cm beyond the second lens| . The distance has two significant 
figures. 

( b ) The total magnification is the product of the magnifications for the two lenses: 


f J \ 

d ll 

r d a ] 

d lX d p (30.0cm)(l0.0cm) 

1 Ox 

V d ol y 

V d o2 , 

d oi d oi (60.0cm)(-5.0cm) 
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26. We find the focal length of the combination by finding the image distance for an object very far 
away. For the converging lens, we have the following from Eq. 33-2. 

11111 , 

d n = fc 




d n fc 


1 

■ = — + - 


d a 


-» 


The first image is the object for the second lens. Since the first image is real, the second object 
distance is negative. We also assume that the lenses are thin, and so d o2 =-d a = -f c . 

For the second diverging lens, we have the following from Eq. 33-2. 

1 1 1 

*02 **,2 77 7 C + ^2 

Since the original object was at infinity, the second image must be at the focal point of the 
combination, and so d a = / T . 

_L-__L _L-__L _L 

/d fc d a fc /t 


1 1 

1 

d ■■ ( I , 


27. (a) We see that the image is real and upright. 
We estimate that it is 30 cm beyond the 
second lens, and that the final image height 
is half the original object height. 


Lens 1 


Lens 2 


0 b ) 


Find the image formed by the first 

lens, using Eq. 33-2. 

1 1 1 
1 — — ^ 

dol d il f 

(36cm)(l3cm) 



d n = 


d olf 


= 20.35cm 


d 0 \ - f (36cm)-(l3cm) 

This image is the object for the second lens. Because it is between the lenses, it has a positive 
object distance. 


d o2 = 56cm -20.35cm = 35.65cm 


Find the image formed by the second lens, again using Eq. 33-2. 


1 1 

1 

d . d > 


1 

: — — ^ 
f 2 


d )2 


doif 2 _ (35.65cm)(l6cm) 


d o2 -f 2 (35.65cm) -(16cm) 


= 29.25cm 


Thus the final image is real, \29 cm beyond the second lens. 


The total magnification is the product of the magnifications for the two lenses: 

(20.35 cm) (29.25 cm) 


f r \ 

f 

d7 

\ d o\ J 

V 

d o2 / 


(36cm)(35.65cm) 


0.46 x 
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28. Use Eq. 33-4, the lensmaker’s equation. 


— = (n - l) 


f = 


V A R 2 j 


-» 


1 

r r x r 2 ^ 

1 

r (-33.4cm)(-28.8cm) 

(«-!) 

vA + Ay 

~ (1.58-1) 

v (-33. 4 cm) + (-28. 8 cm) ^ 


= -26.66 cm : 


-27 cm 


29. Find the index from Eq. 33-4, the lensmaker’s equation. 


— = (n - l) 


A A 
— + - 


R t R 


2 J 


, 1 
— > n = 1 H — 

/ 


AA 


R x + R 


= 1 + 


2 J 


1 


28.9cm 


(4(31.4cm)) = [L54 


30. With the surfaces reversed, we have R x = -46.2cm and R , = +22.4 cm. Use Eq. 33-4 to find the 
focal length. 


7 =(n_1) 


/ = 


'- + i' 

V A R 2 j 


— » 


1 

r r x r 2 \ 

1 

r (-46.2cm)(+22.4cm) N 

(«-!) 

vA + Ay 

~ (1.50-1) 

(-46.2 cm) + (+22.4 cm) ^ 


87.0cm 


|31.| The plane surface has an infinite radius of curvature. Let the plane surface be surface 2, so R 2 


The index of refraction is found in Table 32-1. 


}=(»->) 

i?j = («-!)/ = (l.46-l)(l8.7cm) = 


fj_ + jA 

1 / 

f- + - 


= — = (n - l) 


,A Ay 


vA % 


(n - 1) 


R, 


— » 


.6cm 


32. First we find the focal length from Eq. 33-3, the lensmaker’s equation. Then we use Eq. 33-2 to find 
the image distance, and Eq. 33-3 to find the magnification. 


— = (n - l) 


/ = 


V A A J 


-» 


1 

r aa i 

l 

r (-22.0cm)(+18.5cm) 

(«-!) 

vA +Ay 

"(1.52-1) 

v (-22.0 cm) + (+18.5 cm) ^ 


= 223.6cm 


-1+1=1 _+ rf|= -lU= ( 90 - 0cm )( 223 - 6m ) = - 15 o, 6cm; 
d a d x f d a -f 90.0cm -223.6cm 


-151cm 


m = -- 


A 

d„ 


-150.6cm 

90.0cm 


+1.67 


The image is virtual, in front of the lens, and upright. 


33. Find the radius from the lensmaker’s equation, Eq. 33-4.: 


r (»-') 


vA A J 


r i A 


A = 


(n - 1 )R X 


-+ P = (n- 1) 

(1.56 - l)(0.300m) 


vA A J 


-» 


PR x -{n- 1) (3.50D)(0.300m)-(l.56-l) 


0.34m 
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34. 


The exposure is proportional to the product of the lens opening area and the exposure time, with the 
square of the /-stop number inversely proportional to the lens opening area. Setting the exposures 
equal for both exposure times we solve for the needed /-stop number. 


t, (/'-stop, ) 


t 2 (/-stop 2 ) 


/-stop, = /-stop. 


K = 16 I V 1000 s 

\] 1/120 s 


= 5.54 or 


5.6 


35. 


We find the /-number from /-stop = ///). 


/-stop = 


/ 

D 


(17cm) 

(6.0cm) 


2.8 


b 


36. We use similar triangles, created from the distances 
between the centers of the two objects (H) and their ray 
traces to the hole (Zi) and the distance between the 
centers of the two images (h) and the distance of the 
screen to the hole (Z 2 ) to determine the distance 
between the center of the two image circles. We then 
create similar triangles from the two ray traces for a 
single source with the base of one triangle equal to the 
diameter of the hole ( d) , and the base of the second 

triangle equal to the diameter of the image circle ( D ). The heights for these two triangles are the 
distance from object to hole (Z i) and the distance from object to image (L\ + L 2 ). 


H 



i 

h 

T 


H 

A 

d_ 
L , 


h 


— » h =H — = (2.0 cm) 


7.0 cm 
1 00 cm 


= 0.14 cm = 1.4 mm 


D 


Z, + L 2 


-^D = d^fk. 


= (l.Omm) 


100cm + 7.0cm 
100 cm 


= 1.07 mm 


Since the separation distance of the two images is greater than their diameters, the two circles do not 
overlap. 


37. 


We calculate the effective /-number for the pinhole camera by dividing the focal length by the 
diameter of the pinhole. The focal length is equal to the image distance. Setting the exposures equal 
for both cameras, where the exposure is proportional to the product of the exposure time and the area 
of the lens opening (which is inversely proportional to the square of the /-stop number), we solve for 
the exposure time. 


/-stop. 



(70mm) 

(l.Omm) 


70' 


/ (/-stop, ) 


Z (./-stop, ) 


— ^ ^2 


f r , y 

. /-stop, 

1 1 /-stop, , 


— f— T 

250 s v 1 1 > 


= 0.16 s ® 



38. 


Consider an object located a distance d a from a 
converging lens of focal length / and its real image 
formed at distance d { . If the distance d 0 is much 
greater than the focal length, the lens equation tells us 
that the focal length and image distance are equal. 


Ill , fd 0 fd Q , 
d 0 d, f d-f d a 
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Thus, in a camera, the recording medium of spatial extent x is placed a distance equal to / behind 
the lens to form a focused image of a distant object. Assume the distant object subtends an angle of 
40° at the position of the lens, so that the half-angle subtended is 20° , as shown in the figure. We 
then use the tangent of this angle to determine the relationship between the focal length and half the 
image height. 


tan 20° = — -> / = 

/ 2 tan 20° 

(a) For a 35-mm camera, we set x-36 mm to calculate the focal length. 


/ = 


36 mm 
2 tan 20° 


49 mm 


( b ) For a digital camera, we set x = 1 .0 cm = 10 mm . 


10 mm 
2 tan 20° 


14 mm 


39. The image distance is found from Eq. 33-3, and then the focal length from Eq. 33-2. The image is 
inverted. 

h / , , h , (-24mm) 

7?7 = — = L — > d=-d n — = -( 65m)- r^- = 41mm 

r. j 1 ° r. V / 


h 


d n 


h 


111 d 0 d i _ (65m)(0.041m) _ 


1 — — — — > f — 

d 0 d i f d Q + d ; 


65m-0.041m 


(38m) 

= 0.041m = 


41mm 


The object is essentially at infinity, so the image distance is equal to the focal length. 


40. 


The length of the eyeball is the image distance for a far object, i.e., the focal length of the lens. 
We find the /-number from /-stop = / /D. 


f - stop = 


/ 

D 


(20mm) T 

i { = 2.5 or -J- . 

(8.0mm) 2.5 


41. 


The actual near point of the person is 55 cm. With the lens, an object placed at the normal near 
point, 25 cm, or 23 cm from the lens, is to produce a virtual image 55 cm from the eye, or 53 cm 
from the lens. We find the power of the lens from Eqs. 33-1 and 33-3. 


P 


J_-_L 1 _ 1 1 

/ d 0 d i 0.23m -0.53m 


2.5D 


42. 


The screen placed 55 cm from the eye, or 53.2 cm from the lens, is to produce a virtual image 105 
cm from the eye, or 103.2 cm from the lens. Find the power of the lens from Eqs. 33-1 and 33-2. 


P 


J_-_L 1 _ 1 1 

/ d 0 d { 0.532m -1.032m 


0.91D 


43 


With the contact lens, an object at infinity should form a virtual image at the far point of the eye, 17 
cm from the contact lens. Use that with Eq. 33-2 to find the focal length of the contact lens. 

We find the power of the lens from 

1 — — — — y — i — — — — s f — d — —17 cm 

/, / / °° / / 


Find the new near point as the object location that form s a virtual image at the actual near point of 12 
cm from the contact lens. Again use Eq. 33-2. 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

363 











Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


41cm 


J_ + J_ = l ^ d fdj _ (-17cm)(-12cm) 
d a d, f ° d { -f (-12cm)-(-17cm) 

So the person would have to hold the object 41 cm from their eye to see it c learly. With glasses, they 


only had to hold the object 32 cm from the eye. So glasses would be better. 


44. (a) Since the lens power is negative, the lens is diverging, so it produces images closer than the 


object. Thus the person is | nearsighted.) 


(b) We find the far point by finding the image distance for an object at infinity. Since the lens is 
2.0 cm in front of the eye, the far point is 2.0 cm farther than the absolute value of the image 
distance. 

1 


— + — = — = P -> — + — = -4.50D -> d, =- 
d a d i f co d i 4.50 D 


= -0.222 m = -22.2 cm 


FP = -22.2 cm + 2.0 cm = |24.2 cmj from eye 


45. (a) The lens should put the image of an object at infinity at the person’s far point of 78 cm. Note 
that the image is still in front of the eye, so the image distance is negative. Use Eqs. 33-2 and 
33-1. 


p = J_ = J_ J_ = J_ 


1 


■ = -1.282D 


-1.3D 


- = 0.37m = 37 cm 


/ d 0 d - co (-0.78m) 

(. b ) To find the near point with the lens in place, we find the object distance to form an image 25 cm 
in front of the eye. 

J_ + J_ = J_ = p ^ d x (-0.25 m) 

d 0 d { f 0 Pd, - 1 (-1.282D) (-0.25m) - 1 

46. The image of an object at infinity is to be formed 14 cm in front of the eye. So for glasses, the image 
distance is to be d. - -12 cm, and for contact lenses, the image distance is to be d { - -14 cm. 

11111 , _ 1 1 

— + — = — = — + — -> f = d, /> = — = — 

d a d- f co d, f d. 


1 


glasses 


-0.12m 


-8.3D 


• P 

’ contacts 


1 


-0.14m 


-7. ID 


47. 


Find the far point of the eye by finding the image distance FROM TF1E LENS for an object at 
infinity, using Eq. 33-2. 

Ill 111 , 

1 — — — ^ — i — — — ^ d M — /, ——23.0cm 

d ol d a f oo d u f 


Since the image is 23.0 in front of the lens, the image is 24.8 cm in front of the eye. The contact lens 
must put the image of an object at infinity at this same location. Use Eq. 33-2 for the contact lens 
with an image distance of -24.8 cm and an object distance of infinity. 


d 0 2 d[2 


1 1 

-» — + — 

oo d a 


J 


f\~ d; 2 - 


-24.8 cm 


48. (a) 


We find the focal length of the lens for an object at infinity and the image on the retina. The 
image distance is thus 2.0 cm. Use Eq. 33-2. 


Ill 11 

1 — — ^ 1 

d o d, f oo 2.0cm 


7 


-> / 


2.0cm 
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(b) We find the focal length of the lens for an object distance of 38 cm and an image distance of 2.0 
cm. Again use Eq. 33.2. 

(38cm)(2.0cm) 


J_ + ± = I f ci A 

d 0 d- f d 0 + d { (38cm) + (2.0cm) 


1.9cm 


49.| Find the object distance for the contact lens to form an image at the eye’s near point, using Eqs. 33-2 
and 33-1. 

d, -0.106m 


J_ + J_ = j_ = p d = 

d Q d- f 0 Pd, -l ( -4. 00 D) (-0.106 m) - 1 


= 0.184 m = 


18.4cm 


Likewise find the object distance for the contact lens to form an image at the eye’s far point. 
d n =—^ — - = T — 0-200 m — _ — _ = i ,00m = 100cm (3 sig. fig.) 


0 Pd, - 1 (-4.0D)(-0.200m)-l 


50. In the image we show the principal rays from 
each of the two points as they pass directly 
through the cornea and onto the lens. These 
two rays and the distance between the two 
objects, i, and the distance between the two 
images (4 //m) create similar triangles. We set 
the ratio of the bases and heights of these two 
triangles equal to solve for L 


£ 


4 z/m „ __ 4 um 

^ ->£ = 25 cm- H 



25 cm 2.0 cm 2.0 cm 

51. We find the focal length from Eq. 33-6 

M-— f~— - 25cm 

~ f ~ M~ 3.8 


50//m 


6.6cm 


52. Find the magnification from Eq. 33-6. 
M= jV = ( 25cm) _ 


/ (13cm) 


1.9 x 


53. (a) We find the focal length with the image at the near point from Eq. 33-6b. 

. . . N N 25 cm 

M -1 + — f = = = 12. 5cm; 

/ M - 1 3.0-1 


« 

13cm 




13 cm. 



(25 cm) 

3.0 = 1 + - -, which gives f= 12.5cm; 

f\ 

( b ) If the eye is relaxed, the image is at infinity, and so use Eq. 3 3 -6a. 
N 


.. N 25cm 

M — — — ^ f — — — 

/ M 3.0 


8.3cm 


54. Maximum magnification is obtained with the image at the near point (which is negative). We find 
the object distance from Eq. 33-2, and the magnification from Eq. 33-6b. 

1 + 1 1 dj (-25.0cm)(8.80cm) 

d a d l f 0 d { -f (-25.0cm) -(8.80cm) 


6.51cm 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

365 


Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


jV 25.0cm 

M - 1 + — = 1 + 

/ 8.80cm 


3.84 x 


|55.| (a) We find the image distance from Eq. 33-2. 

fd 0 (6.00cm)(5.85cm) 


d 0 d t f 


d=- 


-234 cm 


d Q -f 5.85cm -6.00cm 
(. b ) The angular magnification is given by Eq. 3 3 - 6 a, since the eye will have to focus over 2 m 
away. 

N 25.0cm 
/ 6 . 00 cm 


4. 17x 


3.60 x 


56. (a) We use Eq. 33-6b to calculate the angular magnification. 

N (25.0cm) 

M - \ -\ = 1 + 7 f 

/ (9.60cm) 

( b ) Because the object without the lens and the image with 
the lens are at the near point, the angular magnification 
is also the ratio of widths. Using this relationship we 
calculate the image width. 
h 


— = 3. 60(3. 40mm) = 12.3mm 

K ; 

(c) We use Eq. 33-2 to calculate the object distance, with the 

image distance at -25.0 cm. 

Ill r fid (9.60cm)(-25.0cm) 
— + — = — -> d n = 1 = L 

d 0 d i f d t -f -25.0cm -9.60cm 


6.94 cm 



> 


> 


-66 cm 


57. (a) We find the image distance using Eq. 33-2. 

J_ + _L = 1 ^ d _ f d o _ (9.5cm)(8.3cm) _ 
d a d i f d Q -f 8.3 cm -9.5 cm 

(. b ) The angular magnification is found using Eq. 33-5, with the angles given as defined in Figure 
33-33. 

N 25 cm 


uJUMAA 

0 (. hJN ) 


c/„ 8.3 cm 


3.0 x 


58. First, find the focal length of the magnifying glass from Eq. 3 3 - 6 a, for a relaxed eye (focused at 
infinity). 

1/r N N 25.0cm 

M — — -» f = — = = 8.33cm 

/ M 3.0 

(a) Again use Eq. 3 3 - 6 a for a different near point. 

_ N, _ (65 cm) 


M, = — ^ - = 


- 7 jl 8j 


/ (8.33cm) 

( b ) Again use Eq. 3 3 - 6 a for a different near point. 
M,=^ = -< 17 C") 


2.0 x 


/ (8.33cm) 

Without the lens, the closest an object can be placed is the near point. A farther near point means a 
smaller angle subtended by the object without the lens, and thus greater magnification. 
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59. The focal length is 10 cm. First, find the object distance for an image at infinity. Then, find the 
object distance for an image 25 cm in front of the eye. 

Ill 111 

Initial: 1 = — — > 1 — = — — > a — f = 12cm 

d 0 d, f d a oo / 

111 dj (-25cm)(12cm) 

Final: — + — = — — » d„ - — — — = -^ — — = 8. lcm 


d o d, f 


d t - f (-25cm) -(12 cm) 


The lens was moved 12 cm -8.1 cm = 3.9cm « |4 cm toward the fine print). 


60. The magnification of the telescope is given by Eq. 33-7. 

f (78cm) 

M = -— - -2 ’ 


-28 x 


fo (2.8cm) 

For both object and image far away, the separation of the lenses is the sum of the focal lengths. 


fo + fe ~ 78cm + 2.8 cm = 81cm 


|61.| We find the focal length of the eyepiece from the magnification by Eq. 33-7. 

cm 


2.5cm 


f f ! 

M = -T^ -> f =-JsL = — 

/„ M 35 x 

For both object and image far away, the separation of the lenses is the sum of the focal lengths. 

f Q + f e - 88cm + 2.5cm = I 


91cm 


62. We find the focal length of the objective from Eq. 33-7. 
M = -> / o = M/ e = (7.0)(3.0cm) = 


21cm 


63. The magnification is given by Eq. 33-7. 

M = -fjf e = ~fA = -(0.75m)(35D) = 


-26 x 


64. For a distant object and a relaxed eye (which means the image is at infinity), the separation of the 
eyepiece and objective lenses is the sum of their focal lengths. Use Eq. 33-7 to find the 
magnification. 

75.5cm 


£ = / + / ; M - 

7 O 7 £ * p a /> 

J e Jo 


78.0cm-75.5cm 


-30 x 


65. For a distant object and a relaxed eye (which means the image is at infinity), the separation of the 
eyepiece and objective lenses is the sum of their focal lengths. Use Eq. 33-7 to find the 
magnification. 

36.0cm 


£ = / + / ; M - -— = — 

j o *2 c * f* da 

J e ^ Jo 


33.8cm-36.0cm 


+ 16 x 


66. The focal length of the objective is just half the radius of curvature. Use Eq. 33-7 for the 
magnification. 

f 0 t r 3.2 m 


M - -2_ = 

fo fo 0 - 028 m 


= -1 14x « -1 10 x 
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67. The focal length of the mirror is found from Eq. 33-7. The radius of curvature is twice the focal 
length. 


M - -> f o = -Mf e = -(l20)(0.031m) = 3.72m ; 

J e 


3.7m 


; r = 2f = 


7.4m 


68. The relaxed eye means that the image is at infinity, and so the distance between the two lenses is 
1.25 m. Use that relationship with Eq. 33-7 to solve for the focal lengths. Note that the 
magnification for an astronomical telescope is negative. 

Mi _-120(l.25m) 


^ = /o+/e 


f f 
M ------ J ° 


/e t~f 0 

/„ = t-f 0 =1.25m-1.24m = 0.01m = 


fo - 


M - 1 


- 120-1 


1.24 m 


1 cm 


69. We use Eq. 33-6a and the magnification of the eyepiece to calculate the focal length of the eyepiece. 
We set the sum of the focal lengths equal to the length of the telescope to calculate the focal length 
of the objective. Then using both focal lengths in Eq. 33-7 we calculate the maximum 
magnification. 


„ N 25cm . n r r 
/e= — = — r" = 5cm ; l = f+f 
M 5 

f 0 45cm 
M = -— = — 


f a = l - f e = 50 cm - 5 cm = 45 cm 


/e 


5 cm 


-9 x 


70. Since the star is very far away, the image of the star from the objective mirror will be at the focal 
length of the objective, which is equal to one-half its radius of curvature (Eq. 32-1). We subtract this 
distance from the separation distance to determine the object distance for the second mirror. Then, 
using Eq. 33-2, we calculate the final image distance, which is where the sensor should be placed. 


7? o 3.00m 

=/o=y = ^— = 1 -50m 


1 1 
- + — 


d„ 


7 . 


2 _ 

R. 


d, =■ 




o2 = i -d n - 0.90 m- 1.50 m = -0.60 m 
(-1.50 m) (-0.60 m) 


2d o2~ R e 


2 (-0.60 m) -(-1.50 m) 


3.0m 


71. We assume a prism binocular so the magnification 
is positive, but simplify the diagram by ignoring 
the prisms. We find the focal length of the 
eyepiece using Eq. 33-7, with the design 
magnification. 

i = 26 cm = 347cm 
M 7.5 



fe 


Using Eq. 33-2 and the objective focal length, we 
calculate the intermediate image distance. With 
the final image at infinity (relaxed eye), the secondary object distance is equal to the focal length of 
the eyepiece. We calculate the angular magnification using Eq. 33-5, with the angles shown in the 
diagram. 

/A _ (26cm)(400cm) 


J_ J_ = _L A 

d. d, f 11 d ,-/ 


400 cm -26 cm 


= 27.81cm 




27.81cm 


6 h/d a f e 3.47 cm 


8.0 x 
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72. The magnification of the microscope is given by Eq. 33- 10b. 

Nl (25cm)(l7.5cm) 

M = = -A 4 = 448.7x ; 


/o/e (0.65 cm)(l. 50cm) 


450 x 


|73.| We find the focal length of the eyepiece from the magnification of the microscope, using the 
approximate results of Eq. 33- 10b. We already know that f o <sc L 

Nt 


M 


f f 

J OJ Q 


_ (25cm)(17.5cm) _ 
(680)(0.40cm) “ 


1.6cm 


Note that this also satisfies the assumption that / <£. L 


74. We use Eq. 33-10b. 
M 


Nl (25cm)(17cm) 

1 A — = 607. lx ! 


fJo (2.5 cm) (0.28 cm) 


610 x 


75. (a) The total magnification is found from Eq. 33- 10a. 
(b) 


M = M o M e = (58.0)(13.0) - |754x 


With the final image at infinity, we find the focal length of the eyepiece using Eq. 33-9. 


1.92 cm 


N _ , N 25.0cm 

= — — > / = = 1.923cm: 

“ /e 13.0 

Since the image from the objective is at the focal point of the eyepiece, we set the image 
distance from the objective as the distance between the lenses less the focal length of the 
eyepiece. Using the image distance and magnification in Eq. 33-3, we calculate the initial 
object distance. Then using the image and object distance in Eq. 33-2 we calculate the objective 
focal length. 

d { —i - f e = 20.0cm - 1.92 cm = 18.08 cm 

d; , <7, 18.08 cm 

m — — — ^ d — — - — = 0.312cm 

i/, m 58.0 


f 0 ~ d o + d^ h ~ d o+ d 


d Q d i (0.312cm)(l8.08cm) 


0.312cm + 18.08cm 


0.307 cm 


(c) We found the object distance, in part ( b ), d Q = 0.3 12cm . 


76. (a) The total magnification is the product of the magnification of each lens, with the magnification 
of the eyepiece increased by one, as in Eq. 33-6b. 


M = M a (M e + 1) = (58.0)(13.0 + 1.0) = |812x 


(. b ) We find the focal length of the eyepiece using Eq. 33-6b. 
/, n N N 25cm 

^ ’ /e M e 13.0 


1.92 cm 


Since the image from the eyepiece is at the near point, we use Eq. 33-2 to calculate the location 
of the object. This object distance is the location of the image from the objective. Subtracting 
this object distance from the distance between the lenses gives us the image distance from the 
objective. Using the image distance and magnification in Eq. 33-3, we calculate the initial 
object distance. Then using the image and object distance in Eq. 33-2 we calculate the objective 
focal length. 
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f e d a _ (1.92cm)(-25.0cm) _ 1 
d a -f -25.0 cm- 1.92 cm 


1 _ 1 1 , 

— — 1 — ^ d — 

fe d a 2 d l2 

d n = £ - d ol = 20.0cm - 1.78cm = 18.22cm 

c/. , d t 18.22cm 

m = — — > d n = — = = 0.3 14cm 

d 0 m 58.0 

1 _ 1 1 d a d- _ (0.3 14 cm) (18.22 cm) 

f d d 0 d n +d- 0.314cm + 18.22cm 

v O O 1 U 1 


78cm 


0.308cm 


(c) We found the object distance, in part ( b ), d a = 


0.314cm 


77. (a) Since the final image is at infinity (relaxed eye) the image from the objective is at the focal 
point of the eyepiece. We subtract this distance from the distance between the lenses to 
calculate the objective image distance. Then using Eq. 33-2, we calculate the object distance. 
d ix - £ - / e = 16.8cm - 1.8cm = 15.0cm 

]_ = J_ + ±_ _ (0.80cm)(l5.0c m ) 

fo d ol d n 


d n - f 0 15.0cm-0.80cm 


0.85cm 


( b ) With the final image at infinity, the magnification of the eyepiece is given by Eq. 33-10a. 


N 

M = — 

/eV 




d. 


(25.0cm) 


O / 


(l.8cm) 


16.8cm- 1.8cm 
0.85cm 


A 


= 247x « 250 x 


78. (a) We find the image distance from the objective using Eq. 33-2. For the final image to be at 

infinity (viewed with a relaxed eye), the objective image distance must be at the focal distance 
of the eyepiece. We calculate the distance between the lenses as the sum of the objective image 
distance and the eyepiece focal length. 


— + — 

d 0 1 d n 


1 

— — ^ 

fo 


d\\ — 


fo d oi (0.740cm)(0. 790cm) 


d ol - f 0 0.790cm-0.740cm 


= 1 1.7 cm 


l = d ]t + f c = 1 1.7cm + 2. 80cm = 


14.5cm 


( b ) We use Eq. 33- 10a to calculate the total magnification. 


M = — 

/e V 


IzA 

d o J 


(25.0cm) 


(2.80cm) 


^14.5cm-2.80cm A 

0.790cm 


132 x 


|79.| For each objective lens we set the image distance equal to the sum of the focal length and 160 mm. 
Then, using Eq. 33-2 we write a relation for the object distance in terms of the focal length. Using 
this relation in Eq. 33-3 we write an equation for the magnification in terms of the objective focal 
length. The total magnification is the product of the magnification of the objective and focal length. 


_L _L-_L 

d 0 + d i L 


m n 


> 


T~T 

o J o 

f 0 + 160 mm 


T t 


-» 


i i 


i 


fo {fo + 160 mm) 
160 mm 


d o 

160 mm 

fo 


fo / 0 + 1 60 mm 


^ d n 


fo {fo + 160 mm) 
160 mm 


Since the objective magnification is inversely proportional to the focal length, the objective with the 
smallest focal length { f o - 3.9 mm) combined with the largest eyepiece magnification ( M c = 10) 

yields the largest overall magnification. The objective with the largest focal length (/ o = 32 mm) 
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coupled with the smallest eyepiece magnification (M e = 5) yields the smallest overall 
magnification. 

160 mm , 


M 


largest 


3.9 mm 


(I0x) = |410x| ; M, 


160 mm^ A 

‘smallest — (,'* X J — ' 


32mm 


80. (a) For this microscope both the objective and eyepiece have focal lengths of 12 cm. Since the 

final image is at infinity (relaxed eye) the image from the objective must be at the focal length 
of the eyepiece. The objective image distance must therefore be equal to the distance between 
the lenses less the focal length of the objective. We calculate the object distance by inserting 
the objective focal length and image distance into Eq. 33-2. 
d ix = £-/ e = 55cm- 12cm = 43cm 

111 ,, fo d n (I2cm)(43cm) 

fo d o d n d a -f 0 43cm- 12cm 

( b ) We calculate the magnification using Eq. 33-10a. 


17 cm 


N 

(t-Ae) 

(25cm) 

^55cm-12cm^ 

7J 

V d o J 

(12cm) 

v 16.65cm y 


= 5.38x « 5.4 x 


(c) We calculate the magnification using Eq. 33- 10b, and divide the result by the answer to part ( b ) 
to determine the percent difference. 

Nl (25cm)(55cm) 


M 


fj 0 (I2cm)( 12 cm) 


= 9.55 x 


M — -M- 9.55-5.38 


M 


5.38 


81. We use Eq. 33-4 to find the focal length for each color, and then Eq. 33-2 to find the image distance. 
For the plano-convex lens, R x > 0 and R 2 = oo. 


-^ = («red-l) 
J red 


— ( ,7 yellow l) 


f l l" 


v 7 R 2 j 


= (1.5106-1) 


7 1 3 

ml 


+ — 

1^1 8.4 cm j 

v°°7 


J_ _L 

V 7 ^2 J 


^yellow 

We find the image distances from 


= (1.5226-1) 


7 1 3 

( nl 


+ — 

1^18. 4cm j 

V 00 


-> / red = 36.036cm 


/o ra „ B e = 35.209cm 


1 1 

1 

d 0 d t 

red 

1 1 

1 

d n d. 


1 

■/red 


d o ■/‘red _ (66.0cm) (36.036cm) 


1 


red d 0 fred (66.0cm) - (36.036cm) 

, _ ^o/yeiiow _ (66.0cm) (35.209 cm) 


79.374cm = 


79.4cm 


A 


yellow 


yellow 


yellow d a f 


yellow 


(66.0 cm) -(35.209 cm) 


: 75.469cm i 


75.5cm 


The images are 3.9 cm apart, an example of chromatic aberration. 


82. From Problem 26 we have a relationship between the individual focal lengths and the focal length of 
the combination. 

1 11 111 r frfr, (25cm)(-28cm) 

— = + — — > — = — + — — > fj — — c D = 233cm 

/d fc At At Ad Ac Ac + Ad (25cm) + (-28cm) 


(a) The combination is [converging) , since the focal length is positive. Also, the converging lens is 
“stronger” than the diverging lens since it has a smaller absolute focal length (or higher absolute 
power). 


(. b ) From above, f T « 230 cm . 
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83. We calculate the range object distances from Eq. 33-2 using the given focal length and maximum 
and minimum image distances. 

fd { m ax (200.0 mm) (206.4 mm) 


1 _ 1 1 , 

— — 1 — ^ d 

f d 0 d l 


fd; t 


d- - / 206.4 mm - 200.0 mm 

l ,indA j 

(200.0 mm) (200.0 mm) 


= 6450 mm = 6.45 m 


d x mm / 200.0 mm -200.0 mm 


■ = CO 


Thus the range of object distances is 6.45 m < d a < co 


84. We calculate the maximum and minimum image distances from Eq. 33-2, using the given focal 
length and maximum and minimum object distances. Subtracting these two distances gives the 
distance over which the lens must move relative to the plane of the sensor or film. 


/ d Q + d x 


fd 
d 

i,max 


d, _ = 


fd o,i 


d -f 

o,min J 

(l35mm)(oo) 


d w ~f oo- 135mm 
Ad = d, —d, ■ = 151mm -135 mm = 


(l35mm)(l.30m) 

= 2 44 L = 0.151m = 151mm 

1300 mm - 135 mm 

= 135mm 


1 6 mm 


85.| Since the object height is equal to the image height, the magnification is -1. We use Eq. 33-3 to 
obtain the image distance in terms of the object distance. Then we use this relationship with Eq. 33- 
2 to solve for the object distance. 

m = - 1 = — — » d -d 

d 0 

— = — + — = — + — = — — » d n = 2/ = 2(58mm) = 
f d d d d d v ' 

J ^ | ^ o o o 

The distance between the object and the film is the sum of the object and image distances. 
d-d 0 +d x -d 0 +d 0 - 2 d a - 2(116 mm) = 1 


1 1 6 mm 


232 mm 


86. When an object is very far away, the image will be at the focal point. We set the image distance in 
Eq. 33-3 equal to the focal length to show that the magnification is proportional to the focal length. 


d. 

/ 

( n 

II 

1 ° 
1 "a 

I 

II 

B 

d a 

v d oy 


/ = (constant) / — » mac f 


87. We use Eq. 33-2 with the final image distance and focal length of the converging lens to determine 
the location of the object for the second lens. Subtracting this distance from the separation distance 
between the lenses gives us the image distance from the first lens. Inserting this image distance and 
object distance into Eq. 33-2, we calculate the focal length of the diverging lens. 

111 .i d 2 f 2 (I7.0cm)(l2.0cm) 

d 0 2 d l2 f 2 


d tl = i- d o2 = 30.0cm-40.8cm = -10.8cm 


d x2 f 2 17.0cm -12.0cm 

^ + ^ = 1 ^ f _ d n d ol _ (-10.8cm)(25.0cm) 
d ol d t] /| 1 d n +d 0 j -10.8cm + 25.0cm 


-19.0cm 
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The relationship between two lenses in contact was found in Problem 26. We use this resulting 
equation to solve for the combination focal length. 

/d/c _ (-20. Ocm) (13. Ocm) 


111 

— — 1 — > fj — - 

./; ./;, ./; / D +/c 


-20.0cm + 13.0cm 


37.1cm 


Since the focal length is positive, the combination is a [converging lens| 


89. We use Eq. 33-7, which relates the magnification to the focal lengths, to write the focal length of the 
objective lens in terms of the magnification and focal length of the eyepiece. Then setting the sum of 
the focal lengths equal to the length of the telescope we solve for the focal length of the eyepiece and 
the focal length of the objective. 


M = -j- -> f 0 =-Mf t 

J e 


l = f' + f 0 =f e {l-M) -> /.= 


l 


28cm 


1 -M 1 — (—8.0) 


3.1cm 


f a - £-/ e = 28cm -3.1cm = 25cm 


90. (a) When two lenses are placed in contact, the negative of the image of the first lens is the object 
distance of the second. Using Eq. 33-2, we solve for the image distance of the first lens. 
Inserting the negative of this image distance into the lens equation for the second lens we obtain 
a relationship between the initial object distance and final image distance. Again using the lens 
equation with this relationship, we obtain the focal length of the lens combination. 

Ill 111 1 

— + — 


/; 

j_ 

A 

l 

A 


l l 

— + — 


]_ j_ 

~ A + J 


-» 


/; d, 

i 

f d Bl , 


— + — - 


1 1 

+ - 


fi f d o2 d a i 


1 

J ? 


— » 


/t = 




/1+/2 


(b) 


Setting the power equal to the inverse of the focal length gives the relationship between powers 
of adjacent lenses. 

7 t 


A + f 2 


p T =p l +p 2 


|91.| (a) Because the Sun is very far away, the image will be at the focal point, or d = /. We find the 
magnitude of the size of the image using Eq. 33-3, with the image distance equal to 28 mm. 


K _ ~dj 
h 


-> \h: — 


h 0 d, _(l.4xl0 6 km)(28 mm) 


d 0 d 0 1.5x10 km 

( b ) We repeat the same calculation with a 50 mm image distance. 

(l.4 x 10 6 km)(50 mm) 

' 1.5 x 10 8 km 

(c) Again, with a 135 mm image distance 

(l.4xl0 6 km)(l35 mm) 


0.26 mm 


0.47 mm 


1.3 mm 


1 ,5x 1 0 8 km 

(d) The equations show that image height is directly proportional to focal length. Therefore the 
relative magnifications will be the ratio of focal lengths. 


28mm 

50mm 


0.56x| for the 28 mm lens ; 


135 mm 
50mm 


2.7 x for the 135 mm lens. 
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92. 


We solve this problem by working through the lenses “backwards.” We use the image distances and 
focal lengths to calculate the object distances. Since the final image from the right lens is halfway 
between the lenses, we set the image distance of the second lens equal to the negative of half the 
distance between the lenses. Using Eq. 33-2, we solve for the object distance of this lens. By 
subtracting this object distance from the distance between the two lenses, we find the image distance 
from the first lens. Then using Eq. 33-2 again, we solve for the initial object distance. 
d i2 = -j£ = -{(30.0cm) = -15.0cm 

111 d .,/. (-15. 0 cm) (20.0 cm) 

— + — = — -> c/ n , = — i^ 2 _ = v A - = 8.57cm 

d 0 2 d a f 2 d a - f 2 -15.0cm -20.0cm 

c/ n = i- d o2 — 30.0 cm -8.57 cm = 21.4 cm 


d ol d n fi 


■“> d ol 


djJi 

d-a-fi 


(21.4cm)(l5.0cm) 
21.4 cm -15.0cm 


50.0cm 


93. We set d, as the original image distance and d i + 10.0cm as the new image distance. Then using Eq. 
33-2 for both cases, we eliminate the focal length and solve for the image distance. We insert the 
real image distance into the initial lens equation and solve for the focal length. 

J_ 1 1 1 1 11 1 1 -10.0cm 


di f d o. 


1 


1 


d { + 10.0 cm 
-10.0cm 


d„, d. 


-» 


60.0cm 40.0cm d- l {d i + 10.0cm) 

d { - -40.0cm or 30.0cm 

Only the positive image distance will produce the real image. 


d t + 10.0cm at d { (d t + 10.0cm) 
d- +(l0.0cm)f/i -1200cm 2 = 0 


111, 

— 1 => / = 

/ d ol d. 


d t d oX (30.0 cm) (60.0 cm) 


d. + d„ 


30. 0cm + 60.0cm 


20.0 cm 


94. Since the distance to the sun is much larger than the 

telescope’s focal length, the image distance is about equal 
to the focal length. Rays from the top and bottom edges of 
the sun pass through the lens unrefracted. These rays with 
the object and image heights form similar triangles. We 
calculate the focal length of the telescope by setting the 
ratio of height to base for each triangle equal. 

L = < 

hi h a 


f = hi 


d. 

h 


(15 


mm) 


1.5 x 10 s km 
1.4 x 10 6 km 


= 1607 mm » 1.6 m 



95. 


We use Eq. 33-3 to write the image distance in terms of the object distance, image height, and object 
height. Then using Eq. 33-2 we solve for the object distance, which is the distance between the 
photographer and the subject. 


m — — — = L ^ ^ — 

K d 0 d- t ^ d a 


1111 

f h o n 


r o 

1 

II 

+ 

II 

+ 

o 

— 

i--^ 

f d d d 

J 0 1 o 

v K d a/ 




-» 
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d = 


v K 


f = 


l- 


1750mm 
-8.25 mm 


(220 mm) = 46,900 mm ; 


47 m 


96. The exposure is proportional to the intensity of light, the area of the shutter, and the time. The area 
of the shutter is proportional to the square of the diameter or inversely proportional to the square of 
the /-stop. Setting the two proportionalities equal, with constant time, we solve for the change in 
intensity. 


V 


I 2 t 


(/-stop,)" (/-stop,)' 


-»• — : 


/-stop, 

/-stop. 


_I6_' 

5.6 


|97.| The maximum magnification is achieved with the image at the near point, using Eq. 33-6b. 


2.8 x 


N, (15. 0cm) 

M,= 1 + — L = 1 + 4 L 

f (8.5cm) 

For an adult we set the near point equal to 25.0 cm. 
,, . N 2 . (25.0cm) 

f (8.5cm) 


3.9 x 


The person with the normal eye| (adult) sees more detail 


98. The actual far point of the person is 155 cm. With the lens, an object far away is to produce a virtual 
image 155 cm from the eye, or 1 53 cm from the lens. We calculate the power of the upper part of 
the bifocals using Eq. 33-2 with the power equal to the inverse of the focal length in meter. 

1 


f 1 ] 

+ 

f i ] 


rn 

+ 

f 1 4 


A j 

V^il J 


l°o J 

v -1.53 m j 



-0.65 D (upper part) 


Pl I 

The actual near point of the person is 45 cm. With the lens, an object placed at the normal near point, 
25 cm, or 23 cm from the lens, is to produce a virtual image 45 cm from the eye, or 43 cm from the 
lens. We again calculate the power using Eq. 33-2. 


_ 1 _ 

I 


P 2 =~ = 


V ^o2 J 


V ^i2 J 


1 


0.23 m 


+ 


1 


-0.43 m 


+2.0 D (lower part) 


99. The magnification for a relaxed eye is given by Eq. 33-6a. 


M = N/f = NP - (0.25m)(+4.0D) = |l.Qx. 


100. (a) The magnification of the telescope is given by Eq. 33-7. The focal lengths are expressed in 

terms of their powers. 

f P (4.5D) 

M = -T° = — — = — = -2.25x t 


/. 


(2.0D) 


-2.3 x 


( b ) To get a magnification greater than 1, for the eyepiece we use the lens with the smaller focal 


length, or greater power: 4,5 D. 


101. We calculate the man’s near point (/) using Eq. 33-2, with the initial object at 0.32 m with a 2.5 D 

lens. To give him a normal near point, we set the final object distance as 0.25 m and calculate the 
power necessary to have the image at his actual near point. 
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P,= — + — -> — = P, — -> d,= 

*77 7 i 7 1 


cl. 


0.32m 


di d o, 

P 2 = — + — 

d, d.~ 


d \ 


P- — 


d, 


d 0 \ 

1 


Ol J 


+ — = +2.5 D 

d nl l 0.32 m 


P t d 0] - 1 (2.5D)(0.32m)-l 

1 


= -1.6m 


^ 1 

+ - 


0.25 m 


+3.4 D 


102. (a) We solve Eq. 33-2 for the image distance. Then taking the time derivative of the image 

distance gives the image velocity. If the velocity of the object is taken to be positive, then the 

image distance is decreasing, and so v o = ~^-{d o ) . 

111 , fd Q 

— = — + -> d;=- J 0 


/ d x d o 

v,= — U) = — 

1 dr ’ dt 


d a -f 


f 


fd 0 


\d 0 ~ f 


f K)- fd - 


d.-f 


(d.-f) 


K-/) 


r2 

f V o 


(+-/) 


( b ) The velocity of the image is positive, which means the image is moving the same direction as 
the object. But s ince the image is on the opposite side of the lens as the object, the image must 
be moving away from the lens. 

(c) We set the image and object velocities equal and solve for the image distance. 


V : — V — > 


to-/) 


K-/) =/ 2 -> d 0 — f = f 


d 0 = 2/ 


1 103 .| The focal length of the eyepiece is found using Eq. 33-1. 

f = — = — i — = 4.3 x 10~ 2 m = 4.3cm. 
e P e 23 D 

For both object and image far away, we find the focal length of the objective from the separation of 
the lenses. 

2 = f 0 + / e -> / 0 = ^ _ / e = 85cm -4.3cm = 80.7cm 

The magnification of the telescope is given by Eq. 33-7. 

f (80.7cm) 

M = -— = - y ’ 


f. 


(4.3cm) 


-19x 


104. (a) The length of the telescope is the sum of the focal lengths. The magnification is the ratio of the 
focal lengths (Eq. 33-7). For a magnification greater than one, the lens with the s maller focal 


length should be the eyepiece. Therefore the |4.0 cm lens should be the eyepiece) 
£ = f o + f e = 4.0 cm + 44 cm = 48 cm 


-11 x 


f (44cm) 

M = = - 2 L 

ft (4.0 cm) 

( b ) We use Eq. 33- 10b to solve for the length, t, of the microscope. 


M = - 


Nt 


1 = 


-Mfefo _-(25)(4.0 cm)(44 cm) 


fj 0 N 

This is far too long to be practical. 


25 cm 


= 180 cm = 1.8 m 
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105. (a) The focal length of the lens is the inverse of the power. 

= 0.286m = 


28.6cm. 


/ = - = — 

P 3.50D 

( b ) The lens produces a virtual image at his near point. We set the object distance at 23 cm from 
the glass (25 cm from the eyes) and solve for the image distance. We add the two centimeters 
between the glass and eyes to determine the near point. 


p = - = -!_ + _L _ 
/ < d, 


p- 

d 


f 


3.50D-- 


1 


V 


0.23m 


= -1.18m 


N - \d t \ + 0.02m = 1. 18 m + 0.02m 


1 .20 m 


(c) For Pam, find the object distance that has an image at her near point, -0.23 m from the lens. 

S-1 

= 0.13m 



1 1 

1 

II 

t 

r,-Li 

( 1 ^ 

- 3.50 D 

/ 

d 0 d y 


l d J 

^ -0.23 m ) 


Pam’s near point with the glasses is 13 cm from the glasses or |15 cm| from her eyes 


106. As shown in the image, the parallel rays will pass through a single 

point located at the focal distance from the lens. The ray passing 

through the edge of the lens (a distance D/2 from the principal 

axis) makes an angle 6 with the principal axis. We set the tangent 

of this angle equal to the ratio of the opposite side (D/2) to the 

adjacent side (J) and solve for the focal length. 

_ D/2 D 5.0 cm 

tan# = — > / = - 


/ 


2 tan# 2 tan 3.5° 


41 cm 



107. We use Eq. 33-6b to calculate the necessary focal length for a magnifying glass held at the near point 
( N - 25 cm) to have a magnification of M — 3.0. 

25 cm 


N , , N 

M = — + 1 -» f = 

/ M - 1 


■ = 12.5 cm 


3.0-1 

In the text, the lensmaker’s equation (Eq. 33-4) is derived assuming the lens is composed of material 
with index of refraction n and is surrounded by air, whose index of refraction is n a = 1 .We now 
modify this derivation, with the lens composed of air with index of refraction n a = 1 surrounded by 
water, whose index of refraction is « w = 1.33 . In the proof of the lensmaker’s equation, Snell’s law at 
small angles is first applied at both surfaces of the lens. 


n w sin #, = n sin d 2 


>\A ~ 0 2 


e x *—e 2 

n„. 


n sin # 3 = n w sin 0 4 


-» 0, 


: n ,A 


— > — ~ 9. 


These equations are the same as those following Fig. 33-16, but with n replaced by l/n w . The rest of 
the derivation is the same, so we can rewrite the lensmaker’s equation with this single modification. 
We assume the radii are equal, insert the necessary focal length, and solve for the radius of curvature 


1 

f-E-i) 

" i i " 

1 



" i r 

1 


(-!— i) 

" 2 " 

7“ 

7w J 

R 2 _ 


J 

A R. 



R 


R = 2f 




= 2(12.5 cm) 1 


1.33 


= -6.20 cm : 


-6.2 cm 


The lens is therefore a concave lens with radii of curvature -6.2 cm. 
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108. (a) 


(b) 


(c) 


109. (a) 


We use Eq. 32-2 to calculate the image distance and then use the object and image distances in 
Eq. 32-3 to calculate the magnification. We finally make the approximation that the object 
distance is much larger than the focal length. 


111 

1 — ^ d ; — 

d„ d. 


f 


l 


fd 0 


m, = - 


J 


f 


o v 


fA_ 

d a -f 


dj d 0 

~f 

f .. 

f 

d 0 ~f 

d a 


This real image, located near the focal distance from lens 1, becomes the object for the second 
lens. We subtract the focal length from the separation distance to determine the object distance 
for lens 2. Using Eq. 32-2, we calculate the second image distance and Eq. 32-3 to calculate the 
second magnification. Multiplying the two magnifications gives the total magnification. 

fid 0 2 


1 1 _ 1 , 

1 — — — ^ d ■ — 


d u 2 d i2 f 2 


d„ 


fid « 


d 0 2 fi 


V d 0 2 fl 


fl 


B/i) 


2 J 


d 02 -f 2 iif-f)-Hf) 


= 2 


m 1 m 2 


A 

d, 


( 2 ) = 


O J 


M 

d n 


If the object is at infinity, the image from the first lens will form a focal length behind that 
lens. Subtracting this distance from the separation distance gives the object distance for the 
second lens. We use Eq. 32-2 to calculate the image distance from the second lens. Adding this 
distance to the separation distance between the lenses gives the distance the image is from the 
first lens. 

+ j _ fd 0 2 _ (~i/i)(i/i ~/i) 

d oi d l2 f 2 12 d 02 -f 2 B-/0-H/,) 


= i/i 


d = i + d i 2 =U+U=U 


We set the magnification equal to the total magnification found in part (a) and solve for the 
focal length. 


250 mm 


m - -- 


d.. 


2f 

d„ 


f = 


250 mm 


1 25 mm 


We use the results of part ( b ) to determine the distance of the lens to the film. We subtract this 
distance from 250 mm to determine how much closer the lens can be to the film in the two lens 
system. 


d =-f/j =-f(l25mm)= 156mm ; Ad = 250mm - 1 56mm = 94mm 


We use Eqs. 33-2 and 33-3. 


d. 


m = -- 


— ^ d — 


d. 


m 


A+A-A-JJL+A 

d a d t f d { d i 


— > m - 


-i +1 

f 


This is a straight line with 


|slope = — A and y - intercept = 1 
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(b) 


A plot of m vs. d x is shown here. 

/ = — = 

slope -,0726cm 1 

= 13.8cm « 14cm 

The j-intercept is 1.028. Yes , it 
is close to the expected value of 1 . 
The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH33.XLS,” on tab 
“Problem 33.109b.” 

Use the relationship derived above. 



m - 



d' + l, 
f 




A plot of m vs. d[ would still have a slope of 



as before. The y - intercept 


will have changed, to 1 


k 

/' 
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CHAPTER 34: The Wave Nature of Light; Interference 


Responses to Questions 

[l] Yes, Huygens’ principle applies to all waves, including sound and water waves. 

2. Light from the Sun can be focused by a converging lens on a piece of paper and bum a hole in the 
paper. This provides evidence that light is energy. Also, you can feel the heat from the Sun beating 
down on you on a hot summer day. When you move into the shade you may still feel hot, but you 
don’t feel the Sun’s energy directly. 

3. A ray shows the direction of propagation of a wave front. If this information is enough for the 
situation under discussion, then light can be discussed as rays. Sometimes, however, the wave nature 
of light is essential to the discussion. For instance, the double slit interference pattern depends on the 
interference of the waves, and could not be explained by examining light as only rays. 

4. The bending of waves around comers or obstacles is called diffraction. Diffraction is most prominent 
when the size of the obstacle is on the order of the size of the wavelength. Sound waves have much 
longer wavelengths than do light waves. As a result, the diffraction of sound waves around a comer 
is noticeable and we can hear the sound in the “shadow region,” but the diffraction of light waves 
around a comer is not noticeable. 

5. The wavelength of light cannot be determined from reflection measurements alone, because the law 
of reflection is the same for all wavelengths. However, thin film interference, which involves 
interference of the rays reflecting from the front and back surfaces of the film, can be used to 
determine wavelength. Refraction can also be used to determine wavelength because the index of 
refraction for a given medium is different for different wavelengths. 

6. For destructive interference, the path lengths must differ by an odd number of half wavelengths, such 
as A/2, 3A/2, 5A/2, 7A/2, etc. In general, the path lengths must differ by A (m + Vi), where m is an 
integer. 

[F] Blue light has a shorter wavelength than red light. The angles to each of the bright fringes for the 
blue light would be smaller than for the corresponding orders for the red light, so the bright fringes 
would be closer together for the blue light. 

8. The fringes would be closer together because the wavelength of the light underwater is less than the 
wavelength in air. 

9. The two experiments are the same in principle. Each requires coherent sources and works best with a 
single frequency source. Each produces a pattern of alternating high and low intensity. Sound waves 
have much longer wavelengths than light waves, so the appropriate source separation for the sound 
experiment would be larger. Also, sound waves are mechanical waves which require a medium 
through which to travel, so the sound experiment could not be done in a vacuum and the light 
experiment could. 

10. The red light and the blue light coming from the two different slits will have different wavelengths 
(and different frequencies) and will not have a constant phase relationship. In order for a double-slit 
pattern to be produced, the light coming from the slits must be coherent. No distinct double-slit 
interference pattern will appear. However, each slit will individually produce a “single-slit 
diffraction” pattern, as will be discussed in Chapter 35. 
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1 1 . Light from the two headlights would not be coherent, so would not maintain a consistent phase 
relationship and therefore no stable interference pattern would be produced. 


12. As the thickness of the film increases, the number of different wavelengths in the visible range that 
meet the constructive interference criteria increases. For a thick piece of glass, many different 
wavelengths will undergo constructive interference and these will all combine to produce white light. 


13. 


Bright colored rings will occur when the path difference 
between the two interfering rays is A./2, 3A./2, 5A./2, and so 
forth. A given ring, therefore, has a path difference that is 
exactly one wavelength longer than the path difference of 
its neighboring ring to the inside and one wavelength shorter than the path difference of its 
neighboring ring to the outside. Newton’s rings are created by the thin film of air between a glass 
lens and the flat glass surface on which it is placed. Because the glass of the lens is curved, the 
thickness of this air film does not increase linearly. The farther a point is from the center, the less the 
horizontal distance that corresponds to an increase in vertical thickness of one wavelength. The 
horizontal distance between two neighboring rings therefore decreases with increasing distance from 
the center. 



14. These lenses probably are designed to eliminate wavelengths at both the red and the blue ends of the 
spectrum. The thickness of the coating is designed to cause destructive interference for reflected red 
and blue light. The reflected light then appears yellow-green. 

15. The index of refraction of the oil must be less than the index of refraction of the water. If the oil film 
appears bright at the edge, then the interference between the light reflected from the top of the oil 
film and from the bottom of the oil film at that point must be constructive. The light reflecting from 
the top surface (the air/oil interface) undergoes a 180° phase shift since the index of refraction of the 
oil is greater than that of air. The thickness of the oil film at the edge is negligible, so for there to be 
constructive interference, the light reflecting from the bottom of the oil film (the oil/watcr interface) 
must also undergo a 180° phase shift. This will occur only if the index of refraction of the oil is less 
than that of the water. 


Solutions to Problems 

[l] Consider a wave front traveling at an angle 0 X relative to a surface. 

At time t = 0, the wave front touches the surface at point A, as shown 
in the figure. After a time t, the wave front, moving at speed v, has 
moved forward such that the contact position has moved to point B. 

The distance between the two contact points is calculated using 

, . _ vt 

simple geometry: AB = . 

sin^ 

By Huygens’ principle, at each point the wave front touches the surface, it creates a new wavelet. 
These wavelets expand out in all directions at speed v. The line passing through the surface of each 
of these wavelets is the reflected wave front. Using the radius of the wavelet created at t = 0, the 
center of the wavelet created at time t, and the distance between the two contact points (AB) we 
create a right triangle. Dividing the radius of the wavelet centered at AB (vt) by distance between 
the contact points gives the sine of the angle between the contact surface and the reflected wave, 0 2 . 
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vt 


vt 


sin #, = = sin 6 , — > #, - 0, 

2 AB vt 1 Li - 


sin#. 

Since these two angles are equal, their complementary angles (the incident and reflected angles) are 
also equal. 

2. For constructive interference, the path difference is a multiple of the wavelength, as given by Eq. 34- 
2a. Apply this to the fifth order. 

d sin# _ (l-8 x 10' 5 m)sin9.8° 


d sin 9 — mA — > A = - 


6.1x10 7 m 


m 


3. For constructive interference, the path difference is a multiple of the wavelength, as given by Eq. 34- 
2a. Apply this to the third order. 

mA _ 3(610 xl0- 9 m) 


d sin 9 - mA — > d - 


sin# 


sin28° 


3.9x10 6 m 


For constructive interference, the path difference is a multiple of the wavelength, as given by Eq. 34- 

2a. The location on the screen is given byx = f tan 9, as seen in Fig. 34-7(c). For small angles, we 

have sin# * tan 9 ~ x/ 1 . Adjacent fringes will have Am = 1. 

x Am l 

d sin 9 - mA — > d — = mA — > x — 

l d 

Ami A(m + l)f Aim + \)l Ami Al 

x, = — ; x, — — > Ax = x, - x, = — 

1 d d 2 1 d d d 


A = 


dAx _ (4.8xl0“ s m)(0.085m) 


l 


6.00m 


6.8 x 10 m| ;/ = - = 


c 3.00x10 m/s 


A 6.8x10 m 


4.4 x 10 4 FIz 


5. 


For constructive interference, the path difference is a multiple of the wavelength, as given by Eq. 34- 
2a. The location on the screen is given by x = l tan 9, as seen in Fig. 34-7(c). For small angles, we 
have sint? « tan# « x/£ . Second order means m = 2. 

A,ml 
d 


X AsTYlfl 

d sin 9 - mA — » d — - mA — > x 

l d 


A, ml 

x, = — 5 — ; x 


, A 2 




Ax = x 2 - Xj 


"(720 - 660) x 10~ 9 m] 

(2)(l.0m) 

1 

(6.8xl0“ 4 m 

) 


= 1.76x10 m* 0.2mm 


This justifies using the small angle approximation, since x <s 


6. The slit spacing and the distance from the slits to the screen is the same in both cases. The distance 
between bright fringes can be taken as the position of the first bright fringe (m = 1) relative to the 
central fringe. We indicate the lab laser with subscript 1, and the laser pointer with subscript 2. For 
constructive interference, the path difference is a multiple of the wavelength, as given by Eq. 34-2a. 
The location on the screen is given by x = l tan#, as seen in Fig. 34-7(c). For small angles, we have 
sin# « tan# » x/l. 

_v . _ 


x Xml 

d sin # = mA — > d — - mA — > x ; x, = ■ 

l d 1 d 

A 7 = —x, = —x, = (632.8nm) ^ '^ mm = 650.52 nm a 
- I - x, - v ' 5.00mm 


d 


-» 


65 1 nm 
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[ 7 ] Using a ruler on Fig. 35-9a, the distance from the m = 0 fringe to the m = 10 fringe is found to be 
about 13.5 mm. For constructive interference, the path difference is a multiple of the wavelength, as 
given by Eq. 34-2a. The location on the screen is given by x = i tan#, as seen in Fig. 34-7(c). For 
small angles, we have sin# « tan # ® x/i. 

x dx dx fl-7 x 10~ 4 m)( 0.0 135m) — 

dsmd-mA — » d — -mA — >■ A- — = — = = 6.6x10 7 m 

i mi mi (10) (0.35 m) 


For constructive interference, the path difference is a multiple of the wavelength, as given by Eq. 34- 
2a. The location on the screen is given byx = i tan#, as seen in Fig. 34-7(c). For small angles, we 
have sin# « tan# « x/i . 


, . „ . , ,x , . , Xml (680xl0->m)(3)(2.6m) ^ 

d sm 0 - mA — > d — - mA — » d = = — = 1 . 

i x 38x10“ m 


= 1.4xl0“ 4 m 


9. For constructive interference, the path difference is a multiple of the wavelength, as given by Eq. 34- 
2a. The location on the screen is given byx = i tan#, as seen in Fig. 34-7(c). For small angles, we 
have sin 0 « tan 0 a x/i. For adjacent fringes, Am = 1. 

x AxTyiW. 

d sin 6 - mA — > d — - mA — > x — > 

i d 

XI , ,(633xl0‘ 9 m)(3.8m) 

Ax = Am — = (l)- 7 7 — x = 0.035m = 3.5cm 

d v ' (6.8 xl0“ 5 m) 


10. For constructive interference, the path difference is a multiple of the wavelength, as given by Eq. 34- 
2a. The location on the screen is given byx = i tant?, as seen in Fig. 34-7(c). For small angles, we 
have sin# « tan# « x/i. 

,, . „ , , / , . , Xmt (633xl0-’m)(l)(5.0m) , , 

dsmO = mA — > d — -mA — > d- = - — =1.3x10 m 

i x (0.25m) 


1 1 . The 1 80° phase shift produced by the glass is equivalent to a path length of \A. For constructive 
interference on the screen, the total path difference is a multiple of the wavelength: 

yT + #sin# max -mA, m = 0, 1, 2, ••• — » ^sin#^ = [m ~j)A, m =1, 2, ••• 

We could express the result as d sin# max = [m + \)A, m =0, 1, 2, •••. 

For destructive interference on the screen, the total path difference is 

fA + d sin # min = ( m + y) A, m = 0, 1, 2, • • • — > d sin # min = mA, m = 0, 1, 2, • • • 

Thus the pattern is just the reverse of the usual double-slit pattern . There will be a dark central line. 
Every place there was a bright fringe will now have a dark line, and vice versa. 

12. We equate the expression from Eq. 34-2a for the second order blue light to Eq. 34-2b, since the slit 
separation and angle must be the same for the two conditions to be met at the same location. 

#sin# = mA h - (2)(480nm) = 960nm ; #sin# = (777' + y)/l,/77' = 0,l,2,--- 

(777' + y)T = 960nm m' = 0 — > T = 1920nm ; 777' = 1 — > A = 640 nm 
777' -2 — > A - 384 nm 

The only one visible is 640 nm . 384 nm is near the low-wavelength limit for visible light. 
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13. | For constructive interference, the path difference is a multiple of the wavelength, as given by Eq. 34- 
2a. The location on the screen is given byx = l tan#, as seen in Fig. 34-7(c). For small angles, we 
have sin# « tan 9 & x/L For adjacent fringes. Am = 1. 


X ^ /77 P 

d sin 0- in A -> d- = mA x = 


Ax = Am — - (l) 
d y ’ 


l d 

(544 xl(T 9 m )(5.0m) 
(l.0xl0“ 3 m) 


-» 


2.7 x 10 3 m 


14. An expression is derived for the slit separation from the data for the 500 nm light. That expression is 
then used to find the location of the maxima for the 650 nm light. For constructive interference, the 
path difference is a multiple of the wavelength, as given by Eq. 34-2a. The location on the screen is 
given byx = l tan#, as seen in Fig. 34-7(c). For small angles, we have sin# « tan# « x/L 


X 

d sin # = mA — > d — — mA — > d = 

l 


A l m l l 


— > x = - 


x 


Ami 

~7~ 


-» 


A 2 m 2 l 


Vfl 1 A l m l 


x, A^nf =(\2 


mm 


(650nm)(2) 

(500nm)(3) 


= 10.4mm : 


10 mm 


(2 sig. fig.) 


15. The presence of the water changes the wavelength according to Eq. 34-1, and so we must change A 
to A n = A/n. For constructive interference, the path difference is a multiple of the wavelength, as 
given by Eq. 34-2a. The location on the screen is given by x = l tan#, as seen in Fig. 34-7(c). For 
small angles, we have sin # « tan # « x/L Adjacent fringes will have Am = 1 . 

A n ml Am x l A{m + L)l 


d sin # = mA„ 


Ax - x 2 - x, = 


— ^ # — — tti A — ^ 

l d 1 d d 

A n (m + l)l _A„ml _AJ _ Al _ (470 x 10 _9 m)(0.500m) 
d d d 




ltd (l.33)(6.00xl0~ 5 m) 


2.94 x 10~ 3 m 


16. To change the center point from constructive interference to destructive interference, the phase shift 
produced by the introduction of the plastic must be equivalent to half a wavelength. The wavelength 
of the light is shorter in the plastic than in the air, so the number of wavelengths in the plastic must 
be V 2 greater than the number in the same thickness of air. The number of wavelengths in the 
distance equal to the thickness of the plate is the thickness of the plate divided by the appropriate 
wavelength. 


"Aplastic ^ 


'plastic 


t 

'a 


tn, 


plastic 


A 


t _ t 
'J~A 


("plastic - !) = J 


t = 


A 


680 nm 


2 ("plastic “ l) 2(1.60-1) 


570nm 


17. The intensity is proportional to the square of the amplitude. Let the amplitude at the center due to 
one slit be E 0 . The amplitude at the center with both slits uncovered is 2 E 0 . 


1 1 slit 


L 2 slits 


2 E, 


oy 


Thus the amplitude due to a single slit is one-fourth the amplitude when both slits are open. 
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18. The intensity as a function of angle from the central maximum is given by Eq. 34-6. 


I 0 =I O cos- 


cos 


nd sin 0 

I 


/rr/sin0^_ + 1 

2 


-jl 0 — » cos 2 


nd sint? 


X 


—> cos | 


( ndsin9 


K X 


= +- 


'4l 




nd sin 0 

= cos 


\/2 X 

2dsin9 - (j±n)X 

To only consider 6 > 0, we take just the plus sign. 


'4l 


= 45° ± n (90°) = ^ ± n y -> 


2d sin 9 = [n + T) X, n = 0, 1, 2, 


19.| The intensity of the pattern is given by Eq. 34-6. We find the angle where the intensity is half its 
maximum value. 


1$ ~ Iq cos" 


/rdsin#^ , r 2 (ndsin9 V2 \_ i (ndsin9 {/2 ^_ 1 


X 


= j/ 0 — > cos" 


X 


X 


-» 


nd sin 9, 


1/2 


X 


-1 1 n X 

cos —j=~— — > sin 9, n = — 
4 1/2 4 d 

X 


If X <sc d, then sin 0 = — «: 1 and so sin 6 « 0. This is the angle from the central maximum to the 
4 d 

location of half intensity. The angular displacement from the half- intensity position on one side of 
the central maximum to the half-intensity position on the other side would be twice this. 

X 


A9 = 29 m = 2 


Ad 


X 


2d 


20. (a) The phase difference is given in Eq. 34-4. We are given the path length difference, d sin 9. 


S dsm9 
2 n 


— » S - 2n 


1.252 


2 2 
(. b ) The intensity is given by Eq. 34-6. 


2.50/r 


I - I n cos — 


= / 0 cos 2 (l.25/r) = 


0.500/„ 


21. A doubling of the intensity means that the electric field amplitude has increased by a factor of 42. 
We set the amplitude of the electric field of one slit equal to E 0 and of the other equal to 42E 0 . We 
use Eq. 34-3 to write each of the electric fields, where the phase difference, S , is given by Eq. 34-4. 
Summing these two electric fields gives the total electric field. 

Eg - E 0 sin cot + 42E 0 sin + 5) = E 0 sin cot + 42E 0 sin cot cos S + 42E 0 cos cot sin S 

= E 0 (l + 42 cos S j sin cot + 42E 0 cos cot sin S 

We square the total electric field intensity and integrate over the period to determine the average 
intensity. 


1 1 r 

E 2 g = — j* Egdt = — | E 0 (\ + 42 cos sin cot + 42E 0 cos cot sin S 


^-j (l + V2cosj) sin 2 cot + 2cos 2 cotsin 2 3 + 242 (l + 42 cos <5 ^ sin Jsfrutrfcos 


o 

2 T r . 


dt 


cot 


dt 
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, 1 p- 

^1 + V2cosc>) + 2sin 2 c> 3 + 2V2cos 


Since the intensity is proportional to this average square of the electric field, and the intensity is 
maximum when 8 — 0, we obtain the relative intensity by dividing the square of the electric field by 
the maximum square of the electric field. 

~2 


h _ K 


h 


-‘ 8=0 


3 + 2%/2cosc> . , „ 2 n , . n 

j = — , with 8= — d sint/ 

3+2V2 1 


22. (a) If the sources have equal intensities, their electric fields will have 
the same magnitudes. We show a phasor diagram with each of the 
electric fields shifted by an angle 8. As shown in the sketch, the 
three electric fields and their sum form a symmetric trapezoid. 

Since E 20 and E eo are parallel, and E 20 is rotated from E l0 and E 30 

by the angle 8, the magnitude of Ego is the sum of the components 
of E l0 , E 20 , and E 30 that are parallel to E 20 . 

E go = E l0 cos8 + E 20 + E 30 cos 8 = £' 10 (l + 2cosc>) 

We set the intensity proportional to the square of the electric field 
magnitude and divide by the maximum intensity (at 8 = 0) to determine the relative intensity. 

yi 



■‘BO 


(l + 2cos<7)~ 2n . 

— , 8 = — dsmd 

9 2 


[is 10 (l + 2cos <?)] 
h ^s = o [i: 10 (l + 2cosO)] 2 

( b ) The intensity will be at its maximum when cos 8 = 1 . In this case the three phasors are all in 
line. 


2 71 

cos <5 = 1 — > = 2mn - — d sin 0 

max max ^ m 


-» 


• m X - . . 

WI= °,1,2, 

d 


The intensity will be a minimum when 1 + 2 cos 8 = 0. In this case the three 
phasors add to 0 and form an equilateral triangle as shown in the second 
diagram, for the case of k = 1 , where k is defined below. 

I + 2 cos S min = 0 -> 

., . \^7t + 2mn = 2n(m + \) 

This can be written as one expression with two parameters. 

2k 

8 mm = 2 n ( m + jk) = — d sin 0 min , k = 1, 2; m = 0, 1, 2, • ■ • 

A 



A 

sin ^min = — (w + !*) = , k = 1, 2; m = 0, 1, 2, 


23. From Example 34-7, we see that the thic kn ess is related to the bright color wavelength by t — A/4n . 
t = A/4n -> X = 4nt = 4(l.32)(l20nm) = 


634 nm 


24. Between the 25 dark lines there are 24 intervals. When we add the half-interval at the wire end, we 
have 24.5 intervals over the length of the plates. 

28.5cm 


24. 5 intervals 


1.16cm 
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25. (a) An incident wave that reflects from the outer surface of the 
bubble has a phase change of </> x = n. An incident wave 

that reflects from the inner surface of the bubble has a 
phase change due to the additional path length, so 


' It ' 


V. Aim J 


An. For destructive interference with a 



minimum non-zero thickness of bubble, the net phase change must be n. 


It 

V Aim J 


2 n 


. , A 480 nm 

n _n -> t - 2 Him - ^ - 2 ( L33 ) 


1 80 nm 


(b) 


For the next two larger thicknesses, the net phase change would be 3/r and 5 n. 

\ln -/r = 3/r — > 


f 2t A 


V Aim J 
r 2 1 ^ 


A 480 nm 
^ — Aim — — 


V Aim J 


In 


- 7T = S7T -> ( = ; l r „ m =- = | 


(1.33) 
480 nm 

(1-33) 


361nm 


541 nm 


(c) 


If the thickness were much less than one wavelength, then there would be very little phase 
change introduced by additional path length, and so the two reflected waves would have a phase 
difference of about <j) x = n. This would produce destructive interference. 


26. An incident wave that reflects from the top surface of the 
coating has a phase change of (f> ] - n. An incident wave that 

reflects from the glass (n ~ 1.5) at the bottom surface of the 
coating has a phase change due to both the additional path 
length and a phase change of n on reflection, so 
' 2 1 ' 


V Alim J 


2 n + n. For constructive interference with a 


minimum non-zero thickness of coating, the net phase change must be 2 n. 


At 

V Aim J 


An + n 


-n = An — > 


t = ±A =4. 

1 2 /l film 2 


A 


A=n 


• + n 


/ 

t 

5 

□ 

-L 

[ J 



The lens reflects the most for A - 570 nm. The minimum non-zero thickness occurs for m = 1 : 



(570nm) 

2(1.25) 


228nm 


Since the middle of the spectrum is being selectively reflected, the transmitted light will be stronger 
in the red and blue portions of the visible spectrum. 


27. (a) When illuminated from above at A, a light ray reflected from the air-oil interface undergoes a 
phase shift of </> x -n. A ray reflected at the oil-water interface undergoes no phase shift. If the 

oil thickness at A is negligible compared to the wavelength of the light, then there is no 
significant shift in phase due to a path distance traveled by a ray in the oil. Thus the light 
reflected from the two surfaces will destructively interfere for all visible wavelengths, and the 
oil will appear black when viewed from above. 

(b) From the discussion in part (a), the ray reflected from the air-oil interface undergoes a phase 
shift of (j) x - n. A ray that reflects from the oil-water interface has no phase change due to 
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reflection, but has a phase change due to the additional path length of = — 2/r. For 

Uoil J 

constructive interference, the net phase change must be a multiple of 2/r. 

(2 ^3 

&et= 0>-^i= 7 - 2/r -/r = m(2/r) -> t = \(m + \)A mX = + {) — 

_V ^oii / J n 0 

From the diagram, we see that point B is the second thickness that yields constructive 
interference for 580 nm, and so we use 7/7 = 1. (The first location that yields constructive 
interference would be for m = 0.) 

t = \( m+f) — = y(l + y) = 290nm 

2V n 0 2V 1.50 

28. When illuminated from above, the light ray reflected from the air-oil interface undergoes a phase 
shift of (f x — n. A ray reflected at the oil-water interface undergoes no phase shift due to reflection, 

(2t\ 

but has a phase change due to the additional path length of t/) 2 = 2/r. For constructive 


interference to occur, the net phase change must be a multiple of 2/r. 
f 2( 'l 

T“ ln ~/r = 777 (2/r) -> t = \{m + {)T oil = {(777 + {) — 
_V '‘'oil ) \ n o 

For A = 650 nm, the possible thicknesses are as follows. 

t 650 ~ 2 ~( ?w + l) j =108nm, 325nm, 542nm, ••• 

For A = 390 nm, the possible thicknesses are as follows. 

t 390 - t( ?w + f ) ~ 65 nm, 195nm, 325nm, 455nm, ••• 

The minimum thickness of the oil slick must be 325 nm . 


29. An incident wave that reflects from the convex surface of the 
lens has no phase change, so tj) x = 0. An incident wave that 

reflects from the glass underneath the lens has a phase change 
due to both the additional path length and a phase change of n 
( 2 1\ 

on reflection, so <k = \ — 2/r + n. For destructive 


t\ = 0 

(j) 2 = ( 2r/T)2/r + n 


interference (dark rings), the net phase change must be an odd- 
integer multiple of /r, so 

^net = </>i ~ (j>\ — (2m + l)/r, 777 = 0, 1, 2,- • •. Because 777 = 0 corresponds to the dark center, 777 
represents the number of the ring. 


$iet = ^ 2 - ^l = — J2/r + /r = (2777 +l)/r, 777 =0, 1, 2,--- — > 

t -jtnA ak = y(3l)(560nm) = 8680nm = 8.68//m 
The thickness of the lens is the thickness of the air at the edge of the lens: 
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30. An incident wave that reflects from the second 
surface of the upper piece of glass has no phase 
change, so <j> x — 0. An incident wave that reflects 


from the first surface of the second piece of glass has 
a phase change due to both the additional path length 
and a phase change of n on reflection, so 


(p 2 



2 n + n. 


For destructive interference (dark 



lines), the net phase change must be an odd-integer multiple of n, so 

^net = <pi ~ <P\ - (2 m + l)/r, m = 0, 1, 2,- Because m = 0 corresponds to the left edge of the diagram, 
the 28 th dark line corresponds to m = 27. The 28 th dark line also has a gap thickness of d. 


finet 


~<P\ = 



2/r + /r 


0 = (im + fjK — > t-jmf — > 


d = j(27)(670nm) = 9045nm « 9.0//m 


pi. With respect to the incident wave, the wave that reflects from 
the air at the top surface of the air layer has a phase change of 
(j) x = 0. With respect to the incident wave, the wave that 
reflects from the glass at the bottom surface of the air layer has 
a phase change due to both the additional path length and 



reflection, so (f> 2 = J — J27T + 71 ■ F° r constructive interference, 
the net phase change must be an even non-zero integer multiple of n. 


(f 


— 2 71 + 71 


- 0 = 2mK 


t — \{m - j)/ 1, m — 1 , 2, 


The minimum thickness is with m - 1 . 
C,„=T(450nm)(l-i) = 


1 1 3 nm 


For destructive interference, the net phase change must be an odd-integer multiple of n. 

'2 1'' 




2 it + n 


— 0 = (2m + \)ti 


t - = 0, 1, 2, 


The minimum non-zero thickness is t mm - |(450nm)(l) = 


225 nm 


32. With respect to the incident wave, the wave that reflects 
from the top surface of the alcohol has a phase change of 
— n. With respect to the incident wave, the wave that 
reflects from the glass at the bottom surface of the alcohol 
has a phase change due to both the additional path length 
and a phase change of n on reflection, so 
f 3 

2/r + 7i. For constructive interference, the net 


2 1 



V ^film J 

phase change must be an even non-zero integer multiple of n. 

r It 

\2n + n 


A, 


- n — m l 2 n — > 


t — _L 2 t 

1 2 ^lfiln/ 


K 


m,, m, = 1, 2, 3, 
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For destructive interference, the net phase change must be an odd- integer multiple n. 


f 2t A 


A 


In + n 


V zfilm y 


2 

-n - (2m 2 + lW — > t = j — — {lm 2 + l), m 2 =0, 1, 2, ... . 


Set the two expressions for the thickness equal to each other. 


.A. . /L , ,, 2m,+l A, (635nm) 5 

1 — -l_3_(2m 2 +l) — = = -k = 7 £ = 1.24 « 1.25 = - 

"film ' 2 "h ^2 (512nm) 4 


Thus we see that m l = m 2 = 2, and the thickness of the film is 


_ i A 




635 nm 
1.36 


( 2 ) = 


467 nm 


or 


t = \— (2m 2 +l) = 


_ 1 
4 


512nm 

1.36 


( 5 ) = 


471nm 


With 2 sig.fig., the thickness is 470 nm. The range of answers is due to rounding AJ A 2 . 


33. With respect to the incident wave, the wave that reflects from point B in the 
first diagram will not undergo a phase change, and so = 0. With respect to 
the incident wave, the wave that reflects from point C in the first diagram has 
a phase change due to both the additional path length in air, and a phase 

2 J , 


change of n on reflection, and so we say that 


= ^-(2tr) + tr, where y is 
A 


the thickness of the air gap from B to C (or C to D). For dark rings, the net 
phase difference of the waves that recombine as they leave the glass moving 
upwards must be an odd-integer multiple of n. 


= < Po~ < Pys =— (2/r) + 7t = (2m + 
A 


-» 


Tdark =\rnA, m = 0, 1, 2, ••• 

Because m = 0 corresponds to the dark center, m represents the number of the 
dark ring. 

N 

Let the air gap of y be located a horizontal 
distance r from the center of the lens, as seen in 
the second diagram. Consider the dashed right 
triangle in the second diagram. 

R l=f-+( R -y ) 2 -y 

R 2 =r 2 +R 2 -2Ry + y 2 


-» 


r 2 =2 Ry-y 2 

If we assume that y 7?, then r 2 


: 2 Ry. 



= 2 Ry —> 


= 2 ^Tdark=2tf(W) 


— > 


= sjmAR, m = 0, 1, 2, 



34. From Problem 33, we have r = \JmAR = ( mAR )' “ . To find the distance between adjacent rings, we 


assume m » 1 


dr 

Am = 1 <K m. Since Am <£. m, A r ~ — Am. 

dm 

dr 


■ = (mAR) ; = UmAR) AR 

V ’ dm 2 V ’ 


A r ~ —Am = 
dm 


\(mAR)~ V2 AR (1) = 


A 2 R 2 
Am AR 
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35. The radius of the 772 -th ring in terms of the wavelength of light and the radius of curvature is derived 
in Problem 33 as r — \JmAR. Using this equation, with the wavelength of light in the liquid given 
by Eq. 34-1, we divide the two radii and solve for the index of refraction. 

r- \jmAR 


' liquid 


yjm ( A/n)R 


= \fn 


— > n - 


f \ 
r- 


y ^liquid J 


2.92 cm 
2.54 cm 


1.32 


36. We use the equation derived in Problem 33, where r is the radius of the lens (1.7 cm) to solve for the 
radius of curvature. Since the outer edge is the 44 th bright ring, which would be halfway between the 
44 th and 45 th dark fringes, we set 772=44.5 

- 2 (0.017m) 2 


r — \JmAR — > R — = 


772/1 (44.5)(580xl0“ 9 m) 


= 11.20m * 


11m 


We calculate the focal length of the lens using Eq. 33-4 (the lensmaker’s equation) with the index of 
refraction of lucite taken from Table 32-1. 

6 1 1 5 I 1 1 \ 

= 0.0455m 1 -> / = ■ 


r (»->) 


1 1 
- + - 




R 


- (1.51 - 1) 


■2 J 


v 


1 

H 

11.2m 00 


1 


0.0455 nU 1 


22 m 


= n 


air 


'^2 =(2t/T fllm )2^ + ^ 


|37.| (a) Assume the indices of refraction for air, water, and 
glass are 1.00, 1.33, and 1.50, respectively. When 
illuminated from above, a ray reflected from the air- 
water interface undergoes a phase shift of (j\ = n, and a 
ray reflected at the water-glass interface also undergoes 
a phase shift of n. Thus, the two rays are unshifted in 
phase relative to each other due to reflection. For 
constructive interference, the path difference 2 1 must equal an integer number of wavelengths in 
water. 


/ 

t 

5 

□ 

_z 

1 water 

glass 


2t = 772/lw a ,er = m ' 


A 


-, 772 = 0, 1, 2, 


-» 


^ ^ water ^ 


777 


( b ) The above relation can be solved for the 772 -value associated with the reflected color. If this 777 - 
value is an integer the wavelength undergoes constructive interference upon reflection. 

2n J 


^ _ ^water^ 


777 


A 


For a thickness t = 200/vm = 2 x 10 5 nm the 772-values for the two wavelengths are calculated. 
2(1 .33) (2 x 10 5 nm) 


772, 


772,, 


2 «water ? 


A 700 nm 

2 (l .33) (2 x 10 5 nm) 


= 760 


2 ^ water ^ 


= 1330 


A 400 nm 

Since both wavelengths yield integers for m, they are both reflected. 

(c) All 772 -values betwe en m = 760 and m = 1330 will produce reflected visible colors. There are 
1330 - (760 - 1) = 57J_ such values. 

(d) This mix of a large number of wavelengths from throughout the visible spectrum will give the 
thick layer a white or grey appearance. 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

391 








Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


= X 



f <j> 2 = (21/ A am )27t + 7t 


38. We assume n l < 7 ?, < n 3 and that most of the incident light is 
transmitted. If the amplitude of an incident ray is taken to 
be E 0 , then the amplitude of a reflected ray is rE 0 , with 
r « 1 . The light reflected from the top surface of the film 
therefore has an amplitude of rE n and is phase shifted by 
$ = x from the incident wave, due to the higher index of } % 
refraction. The light transmitted at that top surface has an 

amplitude of (l -r)E 0 . That light is then reflected off the bottom surface of the film, and we 
assume that it has the same reflection coefficient. Thus the amplitude of that second reflected ray is 
r(l - /'] E 0 - [r - r 1 j E 0 « rE 0 , the same amplitude as the first reflected ray. Due to traveling through 

the film and reflecting from the glass, the second ray has a phase shift of 

(f>, , = /r + 2/r (2£//l fllm ) = x + 4xin 2 / A , where £ is the thickness of the film. Summing the two 

reflected rays gives the net reflected wave. 

E = rE 0 cos(cot + /r) + rE 0 cos[cot + x + 4x1! A n ) 

= r£' 0 [(l + cos4^£/7 2 //l)cos(ft>t + x)-sm[4xhi 2 /A)sm[a)t + /r)] 

As with the double slit experiment, we set the intensity proportional to the square of the wave 
amplitude and integrate over one period to calculate the average intensity. 


7 oc — 

T 


— J o E 2 dt = — | o [ris 0 [(l + cos47r£w 2 /A)cos(fttf + 7r)-sin(4/r£n 2 /A)sin(fttf + /r)]J dt 


rEi 


i 


(l + cos4xln 2 / Xf cos 2 [cot + x) + sin 2 (4;r£/7 2 //L)sin 2 [cot + x) 
-2 ( 1 + cos 4xin 2 /A ) sin [4xbi 2 / X)cos[cot + x)sm[cot + x) 


dt 


r E, 


2 


(l + cos4/r£/7 2 //l) 2 + sin 2 (4;r£/7 2 //L) = 7- 2 Ts 2 (l + cos4;r£/7,//L) 

The reflected intensity without the film is proportional to the square of the intensity of the single 
reflected electric field. 


-f 0 E lmJt = - f 0 [ rE 0 cos (® ? + *)] dt = — e-| 0 [cos 2 [cot + n )]dt = 


rEl 


h QC - 

Dividing the intensity with the film to that without the film gives the factor by which the intensity is 
reduced. 

.2 77 2 , 


= ^;(u-cos4 *^ML 2(1+cos4)rfaiM) 


±r F 
2 ' C 0 


To determine the thickness of the film, the phase difference between the two reflected waves with 
A = 550 nm must be an odd integer multiple of n so that there is destructive interference. The 
minimum thickness will be for m = 0. 


<(> 1 -<j ) ,-\x + 4x(.njA]-x-[2ni + \)x — > £ = — = — = 

2 1 L 2/ J V ; 4 4« 4/7 

It is interesting to see that the same result is obtained if we set the reflected intensity equal to zero for 
a wavelength of 550 nm. 

-^- = 2(1 + cos4/t£t7 2 //1) = 0 — > cos4xtn 2 /A = -1 — > 4xbt 2 /A- x — > £ = ~^ nm 

Finally, we insert the two given wavelengths (430 nm and 670 nm) into the intensity equation to 
determine the reduction in intensities. 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

392 





Chapter 34 


The Wave Nature of Light; Interference 


For T = 430 nm, — = 2|l + cos4;r 

1 n 


For A = 670 nm, — = 2 
I a 


r 


l + cos4zr 


V 


550 nm/4» 
430 nm In 

550 nm 
4(670 nm) 


= 2 


550 nm ' 



1 + cos4/r— - 

- 0.721 « 

72% 

4(430 nm) j 




= 0.308* 31% 


39. From the discussion in section 34-6, we see that the path length change is twice the distance that the 
mirror moves. One fringe shift corresponds to a change in path length of A, and so corresponds to a 
mirror motion of \A. Let N be the number of fringe shifts produced by a mirror movement of Ax. 


N = — -> Ax = jNA = j(650)(589 x 10“ 9 m) 

2 A 


1.91 x 10~ 4 m 


40. 


From the discussion in section 34-6, we see that the path length change is twice the distance that the 
mirror moves. One fringe shift corresponds to a change in path length of A, and so corresponds to a 
mirror motion of \A. Let N be the number of fringe shifts produced by a mirror movement of Ax. 


2Ax _ 2(l.25 x 10 _4 m) 


N = — -> A = — = — — / = 6.51xl0~ 7 m = 

\A N 384 


65 1 nm 


41. 


From the discussion in section 34-6, we see that the path length change is twice the distance that the 
mirror moves. One fringe shift corresponds to a change in path length of A, and so corresponds to a 
mirror motion of jA. Let N be the number of fringe shifts produced by a mirror movement of Ax. 
The thickness of the foil is the distance that the mirror moves during the 272 fringe shifts. 


A = — -> Ax = jNA - j(272)(589 x 10“ 9 m) 

jA 


8.01 x 10~ 5 m 


42. 


One fringe shift corresponds to an effective change in path length of A. The actual distance has not 
changed, but the number of wavelengths in the depth of the cavity has. If the cavity has a length d, 

the number of wavelengths in vacuum is — , and the (greater) number with the gas present is 


n as d 

_ _gas_ g ecause the light passes through the cavity twice, the number of fringe shifts is twice 


A, 


A 


the difference in the number of wavelengths in the two media. 


N = 2 


n e J d 
A A 




NA ] (l 76) (632.8 x 10~ 9 m) 


2d 2(1.155x10 2 m) 


+ 1= 1.00482 


43 


There are two interference patterns formed, one by each of the two wavelengths. The fringe patterns 
overlap but do not interfere with each other. Accordingly, when the bright fringes of one pattern 
occurs at the same locations as the dark fringes of the other patterns, there will be no fringes seen, 
since there will be no dark bands to distinguish one fringe from the adjacent fringes. 


To shift from one “no fringes” occurrence to the next, the mirror motion must produce an integer 
number of fringe shifts for each wavelength, and the number of shifts for the shorter wavelength 
must be one more than the number for the longer wavelength. From the discussion in section 34-6, 
we see that the path length change is twice the distance that the mirror moves. One fringe shift 
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corresponds to a change in path length of A, and so corresponds to a mirror motion of \A. Let N be 
the number of fringe shifts produced by a mirror movement of Ax. 

N y = 2— ; N 2 = 2— ;N 2 =Ny + 1 -> 2— = 2— + 1 -> 

1 Ay 2 At 2 1 A, Ay 


Ax - 


A ] A 2 (589.6nm)(589.0nm) 


2 (Ay-A 2 ) 


2(0. 6nm) 


= 2.89 xl0 5 nm» 2.9 xlO^m 


44. We assume the luminous flux is uniform, and so is the same in all directions. 

\2 


F, = E,A - E,A7tr 2 - (lO 5 hri/m 2 )4;r(l.496 xlO“m)' = 2.81 x 10 28 lm « |3 x 10 28 lm 


/ - 
1 i 


4;rsr 


2.81 x 10 28 lm 
4;rsr 


= 2.24 x 10 27 cd : 


2xl0 27 cd 


45. (a) The wattage of the bulb is the electric power input to the bulb. 

, . cc . F e 17001m 

luminous efficiency = — = 

P 100W 


171m/W 


(b) The illuminance is the luminous flux incident on a surface, divided by the area of the surface. 
Let N represent the number of lamps, each contributing an identical amount of luminous flux. 


hl ~ A~ 


N = 


F t /V [ i ( luminous efficiency) P 


A 


2 E t A 


2 (2501m/ m 2 )(25m)(30m) 


(luminous efficiency)/* (601m/W)(40W) 


= 156 lamps « 160 lamps 


46. (a) For constructive interference, the path difference is a multiple of the wavelength, as given by 

Eq. 34-2a. The location on the screen is given byx = £ tan#, as seen in Fig. 34-7(c). For small 

angles, we have sin 6 ~ tan 9 ~ xjl . For adj acent fringes, Am = 1 . 

r ■ Q , , X Ami Ai 

d sm O - mA — > d — - mA — > x — > Ax - Am — — > 

i d d 


d = 


AlAm _ (5.0 x 10 _7 m)(4.0m)(l) 


Ax 


(2.0x 10“ 2 m) 


1.0 x 10~ 4 m 


( b ) For minima, we use Eq. 34-2b. The fourth-order minimum corresponds to rn = 3, and the fifth- 
order minimum corresponds to m = 4. The slit separation, screen distance, and location on the 
screen are the same for the two wavelengths. 

d sin 0 — (777 + t ) A — ^ d — — (777 + /) A — > (tt 7 a + y) A a — (m^ + /■) A B — > 


2 - =4 fcS =(5 ' oxio "’ m) 


15 

4.5 


3.9 x 10~ 7 m 
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v (3.00 xlO 8 m/s) 

47. The wavelength of the signal is X = — = — 7— = 4.00 m. 

/ (75 x 10 6 Hz) 

(a) There is a phase difference between the direct and reflected signals 

(h) 

from both the path difference, — 2/r, and the reflection, n. 

\XJ 

The total phase difference is the sum of the two. 

h\ (122m) , . 

2/r + n - — —2 n + n - 62rc = 3 1 (2/r) 


X 



(4.00m) 


Receiver 


Since the phase difference is an integer multiple of 2/r, the interference is 


constructive. 


(b) When the plane is 22 m closer to the receiver, the phase difference is as follows. 

51, 


( h - y) 

2/r + n - 

(122m - 22m) 

X 


(4.00m) 


2/r + n = 51/r = — (2/r) 

Since the phase difference is an odd-half-integer multiple of 2/r, the interference is 


destructive. 


48. Because the measurements are made far from the antennas, we can use the analysis for the double 
slit. Use Eq. 34-2a for constructive interference, and 34-2b for destructive interference. The 

v (3.00x10 s m/s) 

wavelength of the signal is X- — = 5; f = 3.39 m. 

/ (88.5x10 6 Hz) 

For constructive interference, the path difference is a multiple of the wavelength: 

mX 

-1 (l)(3.39m)_ | 


d sin 9 = mX, m = 0, 1, 2, 3, 
9, - sin 


# = sin 


'l 

max 


9.0m 


22 ° 


ft =si 


9.0m 


49° 


„ . ,(3)(3.39m) . 

= sin = impossible 


3 

max 


9.0m 


For destructive interference, the path difference is an odd multiple of half a wavelength: 
dsin9 = (in + j)X, m - 0, 1, 2, 3, ... ; — > 0 = sin -1 ^ — — 


ft =*« 


0 2 - sin 


9.0m 
-i (f)(3.39m) 
9.0m 


= 11° 

; 0i 
max 

O 

O 

r- 

11 

; 03 

max 


1 (|)(3.39m) 

5 in 

9.0m 

, n -. (j)(3.39m) 

9.0m 


= 34 ^ 


= impossible 


These angles are applicable both above and below the midline, and both to the left and the right of 
the antennas. 


|49.| For constructive interference, the path difference is a multiple of the wavelength, as given by Eq. 34- 
2a. The location on the screen is given by x = i tan#, as seen in Fig. 34-7(c). For small angles, we 
have sint? « tan# » x/t. Second order means m = 2. 

_ 


X /^/77 

d sin 0 - mX — » d — - mX — > x = ; x, = ■ 

i d 1 d 


X^mi 

d 
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fa ml A,ml 

Ax = x, - X-, = — — — > 

1 2 d d 

dAx „ (6.6 x 1 0~ 4 m) (l .23 x 1 0“ 3 m) , 

fa, = A, — = 690 x 10“ 9 m-- = 4.36 x 10" 7 m w 440nm 

ml 2 (1.60m) 

50. PLEASE NOTE: In early versions of the textbook, in which the third line of this problem states that 
“. . . light is a minimum only for ...” the resulting answer does not work out properly. It yields 
values of m = 6 and m = 4 for the integers in the interference relationship. Accordingly, the problem 
was changed to read “. . . light is a maximum only for ... .” The solution here reflects that change. 


With respect to the incident wave, the wave that reflects at = n 

the top surface of the film has a phase change of fa — n. With \ t ^ (2t/A )2u 

respect to the incident wave, the wave that reflects from the bottom y / 2 fllm 

surface of the film has a phase change due to the additional path t \ 

length and no phase change due to reflection, so 
f 2t \ 

fa = 2/r + 0. For constructive interference, the net phase change must be an integer multiple 


of 2/r. 


( 2t \ 

-fa-fa- — — 2k - k - 2nm — > t = \(m + j)T fllm = \{m + -0 ,m=0,l,2, 


Evaluate the thickness for the two wavelengths. 

, / , x fa , / , x fa ( m 2 + i) fa 688. Onm 7 

«fiim " “ «fi.m ("h+l) fai 491.4nm 5 

Thus in, = 3 and m x - 2. Evaluate the thickness with either value and the corresponding 
wavelength. 


t = IK + t)~ = HD 688 '^ m = |54-4nm] ; t = \(m 2 + = \{\) ^ = |544nm 

l.JO l.JO 


^2 _ 1 / 7 x491Anm_i 


5 1 . From the discussion in section 34-6, we see that the path length change is twice the distance that the 
mirror moves. The phase shift is 2 k for every wavelength of path length change. The intensity as a 
function of phase shift is given by Eq. 34-6. 

8 path change 2x _ 4/rx r 2 8 T 1 (2kx\ 

— = — = — -» 8 = ; / = I n cos‘ — = I n cos 

2k A X A 0 2 0 { A 


52. To maximize reflection, the three rays shown in the figure should be 
in phase. We first compare rays 2 and 3. Ray 2 reflects from 
n 2 > n x , and so has a phase shift of fa - k. Ray 3 will have a phase 
change due to the additional path length in material 2, and a phase 
shift of k because of reflecting from n > n 2 . Thus 

(2d \ 

fa - — - 2/r + k. For constructive interference the net phase 

V ^2 

change for rays 2 and 3 must be a non-zero integer multiple of 2k. 


Afa_ 3 =fa-fa= — -12 k + k -K-2mK — > d 2 =\mA 2 ,m- 1,2,3 


n, \ n 2 \ n 


d i d 2 
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A 


2n, 


The minimum thickness is for m = 1, and so if, - \mA 2 - 

Now consider rays 1 and 2. The exact same analysis applies, because the same relationship exists 
between the indices of refraction: /?, > n and n 2 > n v Thus d { 


A 


2/7, 


53. With respect to the incident wave, the wave that reflects 
from the top surface of the coating has a phase change of 
(j) x - n. With respect to the incident wave, the wave that 

reflects from the glass ( n ~ 1.5) at the bottom surface of the 
coating has a phase change due to both the additional path 


= 7t 


^ 02 " ( 2t/T fi im ) 


2 71 + 71 


length and reflection, so (j), — 


r It A 


V Aim J 


2n + n. For destructive 


/ 

t 

> 

□ 

1 



interference, the net phase change must be an odd-integer multiple of n. 
It 


V Aim J 


2 n + n 


-n = (2m + \)n — > 


A 


t = \(2m + l)T fllm = \{2m + 1) , m = 0, 1, 2, ... 


The minimum thickness has m = 0, and so t mm = \ 


A 


(a) For the blue light: t mm - 


, (450 nm) _ 


(1.38) 


= 81.52nm i 


82 nm 


(b) For the red light: t mm = } 


_ , (700 nm) _ 


(1.38) 


= 126.8nm : 


130nm 


54. The phase difference caused by the path difference back and forth through the coating must 
correspond to half a wavelength in order to produce destructive interference. 

2 t-jA — > t - jA - j(2cm) = 0.5cm 


55 


We consider a figure similar to Figure 34-12, but with the 
incoming rays at an angle of to the normal. Ray s 2 will travel 


an extra distance Af, = d sin 6- before reaching the slits, and an 
extra distance Af 2 = d sin 0 after leaving the slits. There will be a 
phase difference between the waves due to the path difference 
Af, + Afr. When this total path difference is a multiple of the 
wavelength, constructive interference will occur. 

Af, + Afr = sin 61 +ds'mO = mA —» 

sin(9 = -^^-sin^, m = 0 , 1 , 2 , ••• 
d 

Since the rays leave the slits at all angles in the forward 
direction, we could have drawn the leaving rays with a 
downward tilt instead of an upward tilt. This would make the 
ray s 2 traveling a longer distance from the slits to the screen. In 
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this case the path difference would be A i 2 - At,, and would result in the following expression. 

Af 2 - Af , = <9 sin <9 - fi sin # ( . = m2 — > sin <9 = + sin^, m = 0, 1, 2, 

d 

mA 

Af, -At, = of sin 69 -t/ sin 69 = m2 — > sin <9 = + sin 69, m = 0, 1, 2, ••• 

d 

We combine the statements as follows. 


. _ ni / 1 . - „ , . 

sm 69 = ± sin 69, m= 0, 1, 2, ••• 

d 


Because of an arbitrary choice of taking A£ 2 -At,, we could also have formulated the problem so 
that the result would be expressed as 


m2 


sin 6 = sin 69 ± , m= 0, 1, 2, ■■■ 

d 


56. The signals will be out of phase when the path difference equals an odd number of half-wavelengths. 
Let the 175-m distance be represented by d. 

■>Jy 2 +d 2 -y - ( m + |)2, m = 0, 1, 2, 3, ... — > *Jy 2 +d 2 = y + (m + j)2 

d 2 - ( m + y ) 2 X 2 




y 2 +d 2 - y 2 + 2y[m + j)A + [m + j) X 2 — > y = - 


2[m + 


We evaluate this for the first three values of rn. The wavelength is A = — = H1 '^ S = 50m. 


/ 6.0 x 10 Hz 


y = 


d 2 - (m + j)~ X (l75m)~ - [in + |)‘(50m)' 


2[m + y)T 


2[m + |) (50 m) 


= 600m, 167m, 60m, 0m 


The first three points on the y axis where the signals are out of phase are at v = 0, 60 m, and 167 m 


57. As explained in Example 34-6 the \ - cycle phase change at the lower surface means that destructive 
interference occurs when the thickness t is such that 2 1 = mA, m = 0, 1, 2, ... . Set m = 1 to find the 
smallest nonzero value of t. 
t-\A- {(680nm) = I 


340 nm 


As also explained in Example 34-6, constructive interference will occur when 2 1 — ( m + \)A, 
m - 0, 1, 2, ... . We set m - 0 to find the smallest value of t\ 
t - jA = j(680nm) = 170nm 


58. The reflected wave appears to be coming from the virtual image, so this corresponds to a double slit, 

with the separation being d = 2S. The reflection from the mirror produces a k phase shift, however, 

so the maxima and minima are interchanged, as described in Problem 1 1 . 

A A 

sin0 max = [m + })— , m =0, 1, 2, • •• ; sintf mm = m — , m = 0, 1, 2,- • • 


59. 


Since the two sources are 180° out of phase, destructive interference will occur when the path length 
difference between the two sources and the receiver is 0, or an integer number of wavelengths. Since 
the antennae are separated by a distance of d = A / 2 , the path length difference can never be greater 
than A 1 2 , so the only points of destructive interference occur when the receiver is equidistant from 


each antenna, that is, at 


fl. 


= 0° and 180° 


Constructive interference occurs when the path 


difference is a half integer wavelength. Again, since the separation distance between the two 
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antennas is d = A / 2 , the maximum path length difference is A/2, which occurs along the line 
through the antennae, therefore the constructive interference only occurs at 
Constructive = 90° and 270° . As expected, these angles are reversed from those in phase, found in 
Example 34-5c. 

60. If we consider the two rays shown in the diagram, we see that the 
first ray passes through with no reflection, while the second ray has 
reflected twice. If « film < « glass , the first reflection from the glass 

produces a phase shift equivalent to jA mm , while the second 

reflection from the air produces no shift. When we compare the 
two rays at the film-glass surface, we see that the second ray has a 
total shift in phase, due to its longer path length (2 1) and reflection 

(j/lnim). We set this path difference equal to an integer number of wavelengths for maximum 
intensity and equal to a half-integer number of wavelengths for minimum intensity. 

max: It + y/l nim = mA mra , m = 1, 2, 3, ... 

min: It + }2 nini = {m + i)/L fllm , m = 0, 1, 2, 3, 

At t = 0 , or in the limit t A/n fllm , the transmitted beam will be at a minimum. Each time the 
thickness increases by a quarter wavelength the intensity switches between a maximum and a 
minimum. 

If ”fiim > « g , ass > the reflection from the glass produces no shift, while the second reflection from 

the air also produces no shift. When we compare the two rays at the film-glass surface, we see that 
the second ray has a total shift due solely to the difference in path lengths, 2 1. 

For maxima, we have 

max: It = mA mra , m = 0, 1, 2, 3, ... — > 
min: It = ( m - j)A mm , m = 1, 2, 3, ... 

At t = 0 , or in the limit t -« A/n film , the transmitted beam will be at a maximum. Each time the 
thickness increases by a quarter wavelength the intensity switches between a maximum and a 
minimum. 





0 0 or H mm 


61. With respect to the incident wave, the wave that reflects 
from the top surface of the film has a phase change of 
tj ) j = n. With respect to the incident wave, the wave that 

reflects from the glass ( n = 1.52) at the bottom surface of 
the film has a phase change due to both the additional path 

( It \ 

length and reflection, so (j> 2 = It: + n. For 

v ^film y 



constructive interference, the net phase change must be an even non-zero integer multiple of rt. 
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f 2t ^ 


i 

V '‘'film 


2 71 + 7T 


-n = m27t — > t = \mA mm =\m 


A 


m = 1, 2, 3, 


The minimum non-zero thickness occurs for m = 1 . 
A 643 nm 


t = 

min 


2 n K 


2(1.34) 


240 nm 


62. The path difference to a point on the x axis from the two sources is Ad = d 2 - d x = six 2 + d 2 - x. For 
the two signals to be out of phase, this path difference must be an odd number of half-wavelengths, 
so Ad - (m + 4-) A, m = 0, 1, 2, • • •. Also, the maximum path difference is d - 3 A. Thus the path 
difference must be 42, \A, or fA for the signals to be out of phase (m = 0, 1, or 2). We solve for x 
for the three path differences. 

Ad = sjx 2 +d 2 - x = ( m + 4)2 — > s Jx 2 + d 2 =x + (w? + |)/i — > 
x 1 + d 2 = x 2 +2x{m + j)A + {m+\y A 1 — > 

x _d 2 -{m + yf A 2 _9A 2 -(m + yf A 2 _9 -(m + \) 2 ^ 

2 ( 7?7 + 4 )T 2(777 + 4)2 2(777 + 4) 


9 (0+ >) 2 o 

777 = 0 : x = — 7 fr— 2 = 

2(0 + 4) 


2(1+) 


8.752 

2.252 



9 “(2 + 1) 2 

777 = 2 : x = 4^2 = 

2(2 + 4) 


0.552 







63. 


For both configurations, we have dsinO = mA . The angles and the orders are to be the same. The 
slit separations and wavelengths will be different. Use the fact that frequency and wavelength are 
related by v = / 2. The speed of sound in room-temperature air is given in Chapter 16 as 343 m/s. 


d sin 0 = mA 


sin 0 A A l 2 s 

777 d d L d s 


d =d,^ = d, ^- = d, = (l.Ox l(T 4 m) 
A. v L f s V > 

A 

The answer has 2 significant figures. 


343 m/s 
3.00 x10 s m/s 


a/ 4.6x10 14 Hz^ 


262 Hz 


200m 


64. 


Light traveling from a region 12° from the vertical would have to 
travel a slightly longer distance to reach the far antenna. Using 
trigonometry we calculate this distance, as was done in Young’s double 
slit experiment. Dividing this additional distance by the speed of light 
gives us the necessary time shift. 



c 


£sin<9 

c 


(55 m)sinl2° 
3.00xl0 8 m/s 


= 3.81xl0“ 8 


s = 


38.1ns 



55 in 
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65. In order for the two reflected halves of the beam to be 1 80° out of phase with each other, the 
minimum path difference (2 1) should be \X in the plastic. Notice that there is no net phase 

difference between the two halves of the beam due to reflection, because both halves reflect from the 
same material. 

. . A A 780 nm 

2 1 = \- -> t = — = — 

n An 4(1.55) 

66. We determine n for each angle using a spreadsheet. The results are shown below. 

N 25 50 75 100 125 150 

0 (degree) 5.5 6.9 8.6 10.0 11.3 12.5 



The average value is «, ivg = 2.02 . The spreadsheet used for this problem can be found on the Media 
Manager, with filename “PSE4_1SM_CH34.XLS,” on tab “Problem 34.66.” 
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Responses to Questions 


[f] Radio waves have a much longer wavelength than visible light and will diffract around normal-sized 
objects (like hills). The wavelengths of visible light are very small and will not diffract around 
normal-sized objects. 

2. You see a pattern of dark and bright lines parallel to your fingertips in the narrow opening between 
your fingers. 

3. Light from all points of an extended source produces diffraction patterns, and these many different 
diffraction patterns overlap and wash out each other so that no distinct pattern can be easily seen. 
When using white light, the diffraction patterns of the different wavelengths will overlap because the 
locations of the fringes depend on wavelength. Monochromatic light will produce a more distinct 
diffraction pattern. 


4. (a) If the slit width is increased, the diffraction pattern will become more compact. 

( b ) If the wavelength of the light is increased, the diffraction pattern will spread out. 


5. 


6 . 


(a) 


(b) 


(a) 

(b) 


A slit width of 50 nm would produce a central maximum so spread out that it would cover the 
entire width of the screen. No minimum (and therefore no diffraction pattern) will be seen. The 
different wavelengths will all overlap, so the light on the screen will be white. It will also be 
dim, compared to the source, because it is spread out. 

For the 50,000 nm slit, the central maximum will be very narrow, about a degree in width for 
the blue end of the spectrum and about a degree and a half for the red. The diffraction pattern 
will not be distinct, because most of the intensity will be in the small central maximum and the 
fringes for the different wavelengths of white light will not coincide. 


If the apparatus is immersed in water, the wavelength of the light will decrease 


Ml 

V nj 


and 


the diffraction pattern will become more compact. 

If the apparatus is placed in a vacuum, the wavelength of the light will increase slightly, and the 
diffraction pattern will spread out very slightly. 


0 


The intensity pattern is actually a function of the form 


/ • \ 2 

' smx ' 


(see equations 35-7 and 35-8). The 


V x J 

maxima of this function do not coincide exactly with the maxima of sin 2 x. You can think of the 
intensity pattern as the combination of a sin 2 x function and a 1/x 2 function, which forces the 
intensity function to zero and shifts the maxima slightly. 


8. Similarities: Both have a regular pattern of light and dark fringes. The angular separation of the 
fringes is proportional to the wavelength of the light, and inversely proportional to the slit size or slit 
separation. Differences: The single slit diffraction maxima decrease in brightness from the center. 
Maxima for the double slit interference pattern would be equally bright (ignoring single slit effects) 
and are equally spaced. 

9. No. D represents the slit width and d the distance between the centers of the slits. It is possible for 
the distance between the slit centers to be greater than the width of the slits; it is not possible for the 
distance between the slit centers to be less than the width of the slits. 
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10 . 


11 . 

12 . 


13. 


14. 


15. 

16. 


17. 


18. 


19 


20 . 


(a) Increasing the wavelength, 1, will spread out the diffraction pattern, since the locations of the 
minima are given by sin 8 = m)JD. The interference pattern will also spread out; the 
interference maxima are given by sin 8 = m)Jd. The number of interference fringes in the 
central diffraction maximum will not change. 

( b ) Increasing the slit separation, d, will decrease the spacing between the interference fringes 
without changing the diffraction, so more interference maxima will fit in the central maximum 
of the diffraction envelope. 

(c) Increasing the slit width, D, will decrease the angular width of the diffraction central maximum 
without changing the interference fringes, so fewer bright fringes will fit in the central 
maximum. 

Yes. As stated in Section 35-5, “It is not possible to resolve detail of objects smaller than the 
wavelength of the radiation being used.” 

Yes. Diffraction effects will occur for both real and virtual images. 

A large mirror has better resolution and gathers more light than a small mirror. 

No. The resolving power of a lens is on the order of the wavelength of the light being used, so it is 
not possible to resolve details smaller than the wavelength of the light. Atoms have diameters of 
about 1 O' 8 cm and the wavelength of visible light is on the order of 1 O' 5 cm. 

Violet light would give the best resolution in a microscope, because the wavelengths are shortest. 

Yes. (See the introduction to Section 35-7.) The analysis for a diffraction grating of many slits is 
essentially the same as for Young’s double slit interference. However, the bright maxima of a 
multiple-slit grating are much sharper and narrower than those in a double-slit pattern. 

The answer depends on the slit spacing of the grating being used. If the spacing is small enough, 
only the first order will appear so there will not be any overlap. For wider slit spacing there can be 
overlap. If there is overlap, it will be the higher orders of the shorter wavelength light overlapping 
with lower orders of the longer wavelength light. See, for instance, Example 35-9, which shows the 
overlap of the third order blue light with the second order red light. 

The bright lines will coincide, but those for the grating will be much narrower with wider dark 
spaces in between. The grating will produce a much shaiper pattern. 


(«) 


(b) 


Violet light will be at the top of the rainbow created by the diffraction grating. Principal 

mA 

maxima for a diffraction grating are at positions given by sint? = . Violet light has a shorter 

d 


wavelength than red light and so will appear at a smaller angle away from the direction of the 
horizontal incident beam. 

Red light will appear at the top of the rainbow created by the prism. The index of refraction for 
violet light in a given medium is slightly greater than for red light in the same medium, and so 
the violet light will bend more and will appear farther from the direction of the horizontal 
incident beam. 


The tiny peaks are produced when light from some but not all of the slits interferes constructively. 
The peaks are tiny because light from only some of the slits interferes constructively. 
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21 . Polarization demonstrates the transverse wave nature of light, and cannot be explained if light is 
considered only as particles. 

22. Take the sunglasses outside and look up at the sky through them. Rotate the sunglasses (about an 
axis perpendicular to the lens) through at least 180°. If the sky seems to lighten and darken as you 
rotate the sunglasses, then they are polarizing. You could also look at a liquid crystal display or 
reflections from the floor while rotating the glasses, or put one pair of glasses on top of the other and 
rotate them. If what you see through the glasses changes as you rotate them, then the glasses are 
polarizing. 

23. Black. If there were no atmosphere, there would be no scattering of the sunlight coming to Earth. 


Solutions to Problems 


[I] We use Eq. 35-1 to calculate the angular distance from the middle of the central peak to the first 
minimum. The width of the central peak is twice this angular distance. 


2 

sint?, = >9, = sin -1 

D 


^A} 

\Dy 


= sm 


680 x 10 9 m 

0.0365 xl0“ 3 m 


= 1.067° 


\9 = 29 x = 2(1.067°) = |2.13° 


2. The angle from the central maximum to the first dark fringe is equal to half the width of the central 
maximum. Using this angle and Eq. 35-1, we calculate the wavelength used. 

6> =1A0 = {(32°) = 16° 

A 


sin^ = — —3 > A = DsinO l = (2.60 x 10 3 mm) sin (16°) = 7.17 x lO^ 4 * mm = 111 nm 


3. The angle to the first maximum is about halfway between the angles to the first and second minima. 
We use Eq. 35-2 to calculate the angular distance to the first and second minima. Then we average 

these to values to determine the approximate location of the first maximum. Finally, using 
trigonometry, we set the linear distance equal to the distance to the screen multiplied by the tangent 
of the angle. 

6 mA ^ 


D sin 0,„ = mA — > 0„, = sin 


6 , = sin 


^ 1 x 580 x 1 Q~ CJ m ' 
3.8 xlO -6 m 


D 


= 8.678° 


0 2 = sin 


/ 2x580xlQ- 9 m^ 
3.8xl0“ 6 m 


= 17.774° 


e- Ox + Oi = 8-678° + 17.774° = ^ ^ 


y = f tan 9 X = (10.0 m)tan(l3.23°) = 2.35 m 


4. (a) We use Eq. 35-2, using m=l,2,3,. . . to calculate the possible diffraction minima, when the 

wavelength is 0.50 cm. 

_i ( mA 


D sin 0,„ - mA — > 9„, - sin 


D 


6 X - sin 


. ( 1x0.50 cm 


1.6 cm 


= 18.2° 9, - sin* 


. 2x0.50 cm 


1.6 cm 


= 38.7° 
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(b) 

(c) 


0 3 - sin 


_i ( 3x0.50 cm 
1.6 cm 


= 69.6° 


0 4 = sin 


_i f 4x0.50 cm 
1.6 cm 


— > no solution 


There are three diffraction minima: 18°, 39°, and 70°. 


We repeat the process from part (a) using a wavelength of 1.0 cm. 


9 X = sin 


lx 1.0 cm 
1.6 cm 


= 38.7° 


0, = sin 


2x 1.0 cm 
1.6 cm 


=no real solution 


The only diffraction minima is at 39° 


We repeat the process from part (a) using a wavelength of 3.0 cm. 


6 , = sin 


1x3.0 cm 
1.6 cm 


= no real solution 


There are ho diffraction minima 


5. 


The path-length difference between the top and bottom of the 
slit for the incident wave is D sin 0[. The path-length 
difference between the top and bottom of the slit for the 
diffracted wave is D sin 6. When the net path-length difference 
is equal to a multiple of the wavelength, there will be an even 
number of segments of the wave having a path-length difference 
of AJ2. We set the path-length difference equal to m (an integer) 
times the wavelength and solve for the angle of the diffraction 
minimum. 

D sin 61 -D sin 9 — mA — > 

. . . . mA 

sm0 = sm.0. , m - ±1, ±2, ... 

' n 



From this equation we see that when 0= 23.0°, the minima will be symmetrically distributed around 
a central maximum at 23.0° 


6 . 


The angle from the central maximum to the first bright maximum is half the angle between the first 
bright maxima on either side of the central maximum. The angle to the first maximum is about 
halfway between the angles to the first and second minima. We use Eq. 35-2, setting m = 3/2 , to 


calculate the slit width, D. 

6> =^A6> = }(35°) = 17.5° 


. „ „ mA (3/2)(633 nm) 

D sm 9_ - mA — > D = = — = 3 157.6 nm : 


sin#. 


sinl7.5° 


3.2 //ml 


0 


We use the distance to the screen and half the width of the diffraction maximum to calculate the 
angular distance to the first minimum. Then using this angle and Eq. 35-1 we calculate the slit 
width. Then using the slit width and the new wavelength we calculate the angle to the first minimum 
and the width of the diffraction maximum. 


tan^ = 


i 


-» 


9 X — tan 1 


i 


= tan- (* x0 - 06m ) 
2.20m 


0.781° 


sin 0, =— -> D = ^~ 
D sin6> 


580nm 
sin 0.781° 


42,537nm 
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a A n ■ -if ^2 

sm 0, = — — > 9. - sin — 

D l D 


^ f 460 nm N 


: sm 


42,537 nm 

A ,y 2 = 2£tan0, = 2(2.20m)tan(0.620°) = 0.0476m ? 


= 0.620° 


4.8cm 


(a) There will be no diffraction minima if the angle for the first minimum is greater than 90°. We 
set the angle in Eq. 35-1 equal to 90° and solve for the slit width. 

sin 9 = — —»£> = — — — = DO 
D sin 90° 

( b ) For no visible light to exhibit a diffraction minimum, the slit width must be equal to the shortest 
visible wavelength. 


D = A- = 400 nm 


We set the angle to the first minimum equal to half of the separation angle between the dark bands. 
We insert this angle into Eq. 35-1 to solve for the slit width. 

<9 = i-A6> = {(55.0°) = 27.5° 

A „ A 440 nm 


sin 9 - ■ 


D 


-> D = 


sin6> sin27.5° 


953 nm 


10. We find the angle to the first minimum using Eq. 35-1. The distance on the screen from the central 
maximum is found using the distance to the screen and the tangent of the angle. The width of the 
central maximum is twice the distance from the central maximum to the first minimum. 


A 

D 


(A) 


f 450 x 10‘ 9 m" 


- sin 1 


Id) 


v 1.0 x 10~ 3 m J 


= 0.02578° 


y 1 - £tan0 l = (5.0 m)tan0. 02578° = 0.00225 m 


Ay - 2 v, = 2(0.00225 m) = 0.0045 m = 0.45 cm 


11. (a) For vertical diffraction we use the height of the slit (1.5 pm) as the slit width in Eq. 35-1 to 

calculate the angle between the central maximum to the first minimum. The angular separation 
of the first minima is equal to twice this angle. 


sin 0, - — 
D 


9 X = sin 1 — ■■ 
D 


■■ sm 


780xl0~ 9 m 
1.5x 10~ 6 m 


= 31.3° 


A9 = 20, = 2(31.3°) »|63° 


(. b ) To find the horizontal diffraction we use the width of the slit (3.0 pm) in Eq. 35-1. 


sin 9,- — 
D 


9 { - sin 1 — ■ 
D 


■ sm 


780 x 10 mi 
3.0xl0“ 6 m 


= 15.07° 


A9 - 29, - 2(15.07°) » |30° 


12. (a) If we consider the slit made up of N wavelets each of amplitude E 0 , the total amplitude at the 
central maximum, where they are all in phase, is NE 0 . Doubling the size of the slit doubles the 
number of wavelets and thus the total amplitude of the electric field. Because the intensity is 
proportional to the square of the electric field amplitude, the intensity at the central maximum is 
increased by a factor of 4. 

7 2 


I°cE 2 = (2E 0 ) =4£ 0 2 oc4/ 0 
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( b ) From Eq. 35-1 we see that, for small angles, the width of the central maximum is inversely 
proportional to the slit width. Therefore doubling the slit width will cut the area of the central 
peak in half. Since the intensity is spread over only half the area, where the intensity is four 
times the initial intensity, the average intensity (or energy) over the central maximum has 
doubled. This is true for all fringes, so when the slit width is doubled, allowing twice the 
energy to pass through the slit, the average energy within each slit will also double, in accord 
with the conservation of energy. 


13. We use Eq. 35-8 to calculate the intensity, where the angle 9 is found from the displacement from 
the central maximum (15 cm) and the distance to the screen. 


tan 9 — — — > 9 — tan 1 


^15 cm ^ 


£ 


v 

2 n 


25 cm 


2 n 

P = —Dsm9= ( 

A (750x10 mj 


= 31.0 C 


0x10 m sin 3 1.0° = 4.31 rad 


(l.OxlO 6 mJ 


f sin /?/2 ^ 

2 4 

-8/2 J 

V 


\2 


= 0.1498 « 0.15 


sin(4.31rad/2) 

4.31 rad/2 

So the light intensity at 15 cm is about 15% of the maximum intensity. 


14. ( a ) The secondary maxima do not occur precisely where sin(/372) is a maximum, that is at 

p/2-(m + f)rt where m = 1,2,3,..., because the diffraction intensity (Eq. 35-7) is the ratio of 
the sine function and p 12 . Near the maximum of the sine function, the denominator of the 
intensity function causes the intensity to decrease more rapidly than the sine function causes it 
to increase. This results in the intensity reaching a maximum slightly before the sine function 
reaches its maximum. 

( b ) We set the derivative of Eq. 35-7 with respect to fi equal to zero to determine the intensity 
extrema. 


0 = — = — 2, 

sin(/?/2) 

2 

= 21 

sin(/?/2) 

cos(/?/2) sin(/?/2) 

dp dp ° 

PI 2 


PI 2 J 

1 

335 

355 

U. 

To 

i 


When the first term in brackets is zero, the intensity is a minimum, so the intensity is a 
maximum when the second term in brackets is zero. 
cos(/?/2) sin(/?/2) 

P P 2 l2 

(c) The first and secondary 
maxima are found where 
these two curves intersect, 


or 

p x =8.987 

and 

P 2 =15.451. 

We 


calculate the percent 
difference between these 
and the maxima of the sine 
curve, P[ = 3 it and 
/?' = 5 n. 



P/2 = tan(/?/2) 
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M 

P 

M 

P 


8.987 -3;r 
PI ~ 3/r 

15.451 -5;r 


= -0.0464 = -4.64% 


5/r 


= -0.0164 = -1.64% 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4 ISM CH35.XLS,” on tab “Problem 35.14.” 


15. If the central diffraction peak contains nine fringes, there will be four fringes on each side of the 
central peak. Thus the fifth maximum of the double slit must coincide with the first minimum of the 
diffraction pattern. We use Eq. 34-2a with m = 5 to find the angle of the fifth interference maximum 
and set that angle equal to the first diffraction minimum, given by Eq. 35-1, to solve for the ratio of 
the slit separation to slit width. 


d sin 6 = mA — » 


• a 52 
smy = — 

d 


D d 




d=5D 


16. (a) If the central diffraction peak is to contain seventeen fringes, there will be eight fringes on each 
side of the central peak. Thus, the ninth minimum of the double slit must coincide with the first 
minimum of the diffraction pattern. We use Eq. 34-2b with m = 8 to find the angle of the ninth 
interference minimum and set that angle equal to the first diffraction minimum, given by Eq. 
35-1, to solve for the ratio of the slit separation to slit width. 

(8 + i)T_8.5T 


i/sin6> = [m + P)X 

. „ A 8.5/1 

smy = — = 

D d 


-» sin6> = - 


d 


d 


-» 


d=S.5D 


(b) 


Therefore, for the first diffraction minimum to be at the ninth interference minimum, the 
separation of slits should be 8.5 times the slit width. 

If the first diffraction minimum is to occur at the ninth interference maximum, we use Eq. 34-2a 
with m = 9 to find the angle of the ninth interference maximum and set that angle equal to the 
first diffraction minimum, given by Eq. 35-1, to solve for the ratio of the slit separation to slit 
width. 


d sin 6 = mA — > 


. n 9A 9A 
sin 6 = — = — 
d d 


D d 


-» 


d = 9D 


Therefore, for the first diffraction minimum to be at the ninth interference maximum, the 
separation of slits should be 9 times the slit width. 

17. Given light with A = 605 nm passing through double slits with separation d = 0.120 mm , we use Eq. 
34-2a to find the highest integer m value for the interference fringe that occurs before the angle 
6 = 90° . 


d sin 0 - mA — > m = 


(0.120xl0~ 3 m)sin90 00 


= 198 


605 x 10 m 

So, including the m = 0 fringe, and the symmetric pattern of interference fringes on each side of 
0 = 0 , there are potentially a total of 198 + 198 + 1 = 397 fringes. However, since slits have width 
a = 0.040 mm, the potential interference fringes that coincide with the slits’ diffraction minima will 
be absent. Let the diffraction minima be indexed by m = 1, 2, 3, etc. We then set the diffraction 
angles in Eq. 34-2a and Eq. 35-2 equal to solve for the m values of the absent fringes. 
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. - m A FIK^ IK IK- 

sm # = -> — - 


mA 

~d 


m 

/??' 


d_ 

D 


0.120 mm 


= 3 — > m=3m' 


D d m D 0.040 mm 

Using;??' = 1, 2, 3, etc., the 66 interference fringes on each side of # = 0 with ??? = 3, 6, 9, ...,198 will 


be absent. Thus the number of fringes on the screen is 397 - 2(66) = 1 265 


18. In a double-slit experiment, if the central diffraction peak contains 13 interference fringes, there is 
the ;?? = 0 fringe, along with fringes up to m = 6 on each side of 0 = 0. Then, at angle 0 , the m = 1 
interference fringe coincides with the first diffraction minima. We set this angle in Eq. 34-2a and 
35-2 equal to solve for the relationship between the slit width and separation. 

. . in' A mA d m 1 , 

sin#. = = -> — = — = — = 7 -> d = lD 

D d D m 1 

Now, we use these equations again to find the ??? value at the second diffraction minimum, m = 0. 


sin# 2 = 


in' A mA , d ID 

= — > m =m — = 2 = 14 

D d D D 


Thus, the |six fringes) corresponding to m = 8 to ;?? = 13 will occur within the first and second 
diffraction minima. 


1 9. | (a) The angle to each of the maxima of the double slit are given by Eq. 34-2a. The distance of a 
fringe on the screen from the center of the pattern is equal to the distance between the slit and 
screen multiplied by the tangent of the angle. For small angles, we can set the tangent equal to 
the sine of the angle. The slit spacing is found by subtracting the distance between two adjacent 
fringes. 


0 b ) 


sin# = 


mA 


y* 


= £ tan #„, « £ sin #„, = £ 


mA 


A y = y m+l -y m = ? 




_pinA _ £A _ (l.0m)(580xl(r 9 m) 
d d 


= 0.019m = 


1.9cm 


d d d 0.030x10“ m 

We use Eq. 35-1 to determine the angle between the center and the first minimum. Then by 
multiplying the distance to the screen by the tangent of the angle we find the distance from the 
center to the first minima. The distance between the two first order diffraction minima is twice 
the distance from the center to one of the minima. 


. - A . ■ -i A . _j 580x10 m 

sm # = — — > # = sm — = sm ; — 

D D 0.010x10“ m 

y l = ftan#, = (1.0m)tan3.325° = 0.0581 m 
Av = 2jVj = 2(0. 0581m) = 0.1 16m 


= 3.325° 


12cm 


20. We set d-D in Eqs. 34-4 and 35-6 to show (3 - 5 . Replacing 8 with f3 in Eq. 35-9, and using the 
double angle formula we show that Eq. 35-9 reduces to Eq. 35-7, with /?' = 2/3 . Finally using Eq. 
35-6 again, we show that (3' = 2/3 implies that the new slit width D' is simply double the initial slit 
width. 


8 - — #sin# = — E>sin# = f3 
A A 


Wo 


sin f3 2 

P/2 


cos 


{8/2 ) = /, 


sin 2 (y#/2)cos 2 


{0/2) 


{0/2 r 


=/„ 


Isin 2 


\2Wf\ 


(/W 
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= /, 


sin 2 /? 
0 /? 2 


sin 


( 172 ) 


(/r/2) 


where /?' = 2/?. 


(2k . | 

-> D' = 2D 


U J 



2 K 


21. Using Eq. 34-2a we determine the angle at which the third-order interference maximum occurs. 
Then we use Eq. 35-9 to determine the ratio of the intensity of the third-order maximum, where /? is 
given by Eq. 35-6 and <5 is given by Eq. 34-4. 


d sin 6 = mA => 6 - sin 1 1 77/ 

d 


= sm 


3A 


40. (U 

;r (40.02/5) , 

= — ^ — sin(4.301°) = 1.885 rad 

- = ^-sin6» = ^^^sin(4.301°) = 9.424 rad 

sin(l.885 rad) 
1.885 rad 


= 4.301° 


P 2 n . a 
2 21 
2nd 
21 


I = I 0 

sin(/?/2)T 

cos 


2 

=I 0 


P/2 


v2y_ 



[cos (9.424)]- = 


0.255/ 


22. We use Eq. 34-2a to determine the order of the double slit maximum that corresponds to the same 
angle as the first order single slit minimum, from Eq. 35-1. Since this double slit maximum is 
darkened, inside the central diffraction peak, there will be the zeroth order fringe and on either side 
of the central peak a number of maximum equal to one less than the double slit order. Therefore, 
there will be 2(m - 1/ + 1, or 2m - 1 fringes. 

dsmO d i 


d Sin 6 - 777 1 — » 777 =■ 


^ = — ; N = 2m-\ = 2 — -1 
D D 


(a) 


1 

We first set the slit separation equal to twice the slit width, d = 2.00 D. 

N = 2 — - 1=1 
D 


(b) Next we set d = 12.0 D. 


N = 2 


12.00 D 

D 


-1= 23 


(c) 


id) 


For the previous two parts, the ratio of slits had been an integer value. This corresponded to the 
single slit minimum overlapping the double slit maximum. Now that d = 4.50 D, the single slit 
minimum overlaps a double slit minimum. Therefore, the last order maximum, m = 4, is not 
darkened and N = 2m + 1 . 

N = 2m + 1 = 2(4) + 1=[9] 

In this case the ratio of the slit separation to slit width is not an integer, nor a half-integer value. 
The first order single-slit minimum falls between the seventh order maximum and the seventh 
order minimum. Therefore, the seventh order maximum will partially be seen as a fringe. 


N - 2m + 1 = 2(7) + 1 = [1_5 
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23. (a) If D « A, the central maximum of the diffraction pattern will be very 
wide. Thus we need consider only the interference between slits. We 

2n 

construct a phasor diagram for the interference, with 8 = — d sin 0 as 

A 

the phase difference between adjacent slits. The magnitude of the 
electric fields of the slits will have the same magnitude, E m = E 1{] 

— E V) — E 0 . From the symmetry of the phasor diagram we see that 
<f> = 8. Adding the three electric field vectors yields the net electric 
field. 

E eo = E U) cos 8 + E 20 + E i0 cos 8 = is 0 (l + 2 cos 8) 

The central peak intensity occurs when 8= 0. We set the intensity proportional to the square of 
the electric field and calculate the ratio of the intensities. 

\ 2 



I g _El _El(l + 2cosS)- 


£ 0 2 (1 + 2 cos Of 


(l + 2cos 8) 


( b ) We find the locations of the maxima and minima by setting the first derivative of the intensity 
equal to zero. 

^- = —— (1 + 2 cos 8)~ = -^-(1 + 2 cos c>)(-2sin J) = 0 
dS dS 9 9 

This equation is satisfied when either of the terms in parentheses is equal to zero. When 
1 + 2 cos 8-0, the intensity equals zero and is a minimum. 

. „ , „ , In An %7t \0 tc 

v 3 3 3 3 

Maxima occur for sin£ = 0, which also says cos 8 = ±1. 

sine) = 0— > 8 = sin _1 0 = 0,;r,2;r,3;r,... 

When cos 8 = 1, the intensity is a principal maximum. When cose) 
secondary maximum. 


-1, the intensity is a 


I e (P ) = /, 


(l + 2cosc>)~ (1 + 2 cos0) 

E 


=E 


I e (x) = I o 


(l + 2cos;r)~ (l + 2(-l)) 
— E 


I 6 (2k) = E 


(l + 2cos2^-)‘ 


= 1 


9 

0 + 2 ) 2 


=E 


9 9 

Thus we see that, since cos 8 alternates between +1 and — 1, there is only a single secondary 
maximum between each principal maximum. 


24. The angular resolution is given by Eq. 35-10. 

- „ 560 xlO -9 m , _ 7 J 180° Y3600" A 

0 = 1.22— = 1.22 — = 2.69x10 7 rad 


D 


254x10 m 


it rad 


1 ° 


0.055" 


25.| The angular resolution is given by Eq. 35-10. The distance between the stars is the angular 
resolution times the distance to the stars from the Earth. 


2 r/L 

(9 = 1.22— ; l = rO = 1.22 — = 1.22 
D D 


( 1 6 ly ) 


^9.46 x 10 15 m 


i iy ) 


(550xl0“ 9 m) 


(0.66m) 


1.5x10 m 
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26. We find the angle 9 subtended by the planet by dividing the orbital radius by the distance of the star 
to the earth. Then using Eq. 35-10 we calculate the minimum diameter aperture needed to resolve 
this angle. 


. r 1.22/1 

9 — — = 

d D 


D - 


—> 


1.221 

0 

X 

0 
1 n 
1 n 


(41y) (9.461 xlO l5 m/ly) 

1 

;iau) 

(1.496 xl0 n m/AU) 

1 


) , 


- = 0.17m « 

20 cm 


27. We find the angular half-width of the flashlight beam using Eq. 35-10 with D = 5 cm and 

A = 550 nm. We set the diameter of the beam equal to twice the radius, where the radius of the 

beam is equal to the angular half-width multiplied by the distance traveled, 3.84 x 10 8 m. 

122T 1.22(550 x 10~ 9 m) 

9 = — — = = 1 .3 x 10 5 rad 


D 


0.050 m 


d = 2(r9) = 2(3.84 x 10 8 m)(l.3 x 10~ 5 rad) = ll.QxlQ 4 


m 


28. To find the focal length of the eyepiece we use Eq. 33-7, where the objective focal length is 2.00 m, 
9’ is the ratio of the minimum resolved distance and 25 cm, and 9 is the ratio of the object on the 
moon and the distance to the moon. We ignore the inversion of the image. 

f 9' 9 ( d n lt) , . (7.5 km/384,000 km) 

f e 9 e 9' J (d/N) K ’ (0.10 mm/250 mm) 

We use Eq. 35-10 to determine the resolution limit. 

>-9 


/. 1 A , __ 560x10 m 

9 = 1.22 — = 1.22 

D 0.11m 


6.2x10 b rad 


This corresponds to a minimum resolution distance, r = (384,000km)(6.2 x 10 6 ra d) = |2.4 km 
which is smaller than the 7.5 km object we wish to observe. 

29. We set the resolving power as the focal length of the lens multiplied by the angular resolution, as in 
Eq. 35-11. The resolution is the inverse of the resolving power. 


1 


RP(f/2) 

1 


1.22 A f 
D 


D 


25 mm 


1.22/1/ 1.22(560 xl0“ 6 mm )(50 .0 mm) 

3.0 mm 


= 730 lines/mm 


RP(f/ 16) 1.22(560 xl0“ 6 mm )(50 .0 mm) 


88 lines/mm 


30. We use Eq. 35-13 to calculate the angle for the second order maximum 

2(480x 10~ 9 m) A 


d sin 9 — mA — > 9 = sin 


. _! ( mA / 

f 

sm 

= sin -1 

l d J 

V 


1.35x 10 ‘ m 


4.1° 


|31.| We use Eq. 35-13 to calculate the wavelengths from the given angles. The slit separation, d, is the 
inverse of the number of lines per cm, N. We assume that 12,000 is good to 3 significant figures. 

sint? 


d sin 9 = mA — > A = ■ 


Nm 
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sin?SR° sin 36 7° 

A, — — = 4.01 x 10“ 5 cm =401 nm A, = : = 4.98 x 1 0~ 5 cm = 498 nm 

12,000 /cm - 12,000 /cm 


sin38.6° 
12,000 /cm 


= 5.201 x 10 5 cm = 520 nm A.- 


sin47.9° 
12,000 /cm 


= 6.18x10 cm = 618 nm 


32. We use Eq. 35-13 to find the wavelength, where the number of lines, N, is the inverse of the slit 
separation, or d=l/N. 

, . - , , sin# sin26.0° . r— 

d sm # - mA — > A = = = 4.17x10 cm « 420 nm 


mN 3(3500 /cm) 


33. Because the angle increases with wavelength, to have a complete order we use the largest 

wavelength. We set the maximum angle is 90° to determine the largest integer m in Eq. 35-13. 

sin/? sin 90° 

d sin # = mA — > m = = — r = 2.1 

AN (700x10 9 m)(6800 /cm)(l00 cm/m) 

Thus, two full spectral orders can be seen on each side of the central maximum, and a portion of the 
third order. 


34. We find the slit separation from Eq. 35-13. Then set the number of lines per centimeter equal to the 
inverse of the slit separation, N=\/d. 

j ■ n , ,, 1 sin/? sinl5.0° r 

d sm# = mA — >■ N - — = = r- = 13001mes/cm 

d mA 3(650x1 O' 7 cm) L 


35. Since the same diffraction grating is being used for both wavelengths of light, the slit separation will 
be the same. We solve Eq. 35-13 for the slit separation for both wavelengths and set the two 
equations equal. The resulting equation is then solved for the unknown wavelength. 


d sin 6 - mA 


, m.A, m ? A, . m, sin#, 2 sin20.6° , 0 , i „ , 

d - — — = — => A, = — : -A, = (632.8nm) = 556i 

sin# ( sin#, ‘ m 2 sin# ( 1 sin 5 3. 2° 


36. We find the first order angles for the maximum and minimum wavelengths using Eq. 35-13, where 
the slit separation distance is the inverse of the number of lines per centimeter. Then we set the 
distance from the central maximum of the maximum and minimum wavelength equal to the distance 
to the screen multiplied by the tangent of the first order angle. The width of the spectrum is the 
difference in these distances. 

f tyiA ^ 

#sin# = mA — » # = sfrf 1 = shf 1 (mAN) 


d sin# = mA — » # = sin ' J = sin 1 (mAN) 

#, = sin' 1 [(410 xl(T 7 cm) (7800 lines/cm)] = 18.65° 

# 2 = shf 1 [(750 xlO 7 cm)(7800 lines/cm)J = 35.80° 

A y - v 2 -y x = £(tan#, -tan# t ) = (2.80 m)(tan35.80°-tanl8.65°) = 1.1m 


We find the second order angles for the maximum and minimum wavelengths using Eq. 35-13, 
where the slit separation distance is the inverse of the number of lines per centimeter. Subtracting 
these two angles gives the angular width. 

#sin# = mA — » # = shf 1 = shf 1 (mAN) 
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ft =sirf‘ [2(4.5 xl O' 7 m)(6.0xl0 5 /m)] = 32.7° 
ft = sin -1 [2(7.0 xlO -7 m)(6.0xl0 5 /m)] = 57.1° 
A0 = ft - ft = 57.1° - 32.7° = [24^ 


38. The m — 1 brightness maximum for the wavelength of 1200 nm occurs at angle 0 . At this same 
angle m-2, m = 3 , etc. brightness maximum will form for other wavelengths. To find these 
wavelengths, we use Eq. 35-13, where the right hand side of the equation remains constant, and 
solve for the wavelengths of higher order. 

m { \ \ 

m 

1200 nm 


d sin 0 — m x \ — mA m =>A m 


m 


i 2 = 


1200 nm 


= 600 nm 


T3 


= 400 nm 




1200 nm 


= 300 nm 


2 J 3 4 

Higher order maxima will have shorter wavelengths. Therefore in the range 360 nm to 2000 nm, the 
only wavelengths that have a maxima at the angle 9 are 600 nm and 400 nm besides the 1200 nm. 


39. Because the angle increases with wavelength, we compare the maximum angle for the second order 
with the minimum angle for the third order, using Eq. 35-13, by calculating the ratio of the sines for 
each angle. Since this ratio is greater than one, the maximum angle for the second order is larger 
than the minimum angle for the first order and the spectra overlap. 


d sin 9 — mA 


Sin0 = | — 
d 


sin ft 
sin ft 


2 A 2 I d 

3 A 3 / d 


2 A 2 2(700 nm) 


= 1.2 


3 A, 3(400 nm) 

To determine which wavelengths overlap, we set this ratio of sines equal to one and solve for the 
second order wavelength that overlaps with the shortest wavelength of the third order. We then 
repeat this process to find the wavelength of the third order that overlaps with the longest wavelength 
of the second order. 


sinft _ _ 2 A 2 Id 
sin ft 


2 A, 


3 A 3 / d 3Aj 


— » 


— » 


An — A-, 

3 ^ 2, max 




) = 467 


nm 


= -(700 nm 
3 

= — (400 nm) = 600 nm 


Therefore, the wavelengths 600 nm - 700 nm of the second order overlap with the wavelengths |400| 


|nm - 467 nm of the third order. | Note that these wavelengths are independent of the slit spacing. 


40. We set the diffraction angles as one half the difference between the angles on opposite sides of the 
center. Then we solve Eq. 35-13 for the wavelength, with d equal to the inverse of the number of 
lines per centimeter. 

0 -ft 26°38'-(-26°18') 

0 = l - = i = 26°28 = 26 + 28/60 = 26.47° 


. , . _ sin/? sin26.47° . . „_ 5 r— 

A, - d sin 9 = = = 4.618x10 cm = 462 nm 


ft = 


N 9650 line/cm 
0 2r -0 2t 41°02 f -(-40°27 f ) 


= 40°44.5' = 40 + 44.5/60 = 40.742° 


sin40.742° 5 r— 

A^- = 6.763x10 cm = 676 nm 


9650 line/cm 
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41 . If the spectrometer were immersed in water, the wavelengths calculated in Problem 40 would be 
wavelengths in water. To change those wavelengths into wavelengths in air, we must multiply by 
the index of refraction. 


air air 

Note that the second wavelength is not in the visible range. 


A, = (4.618 xl0“ 5 cm )(l .33) : 


614nm 


T 2 = (6.763 xKT 5 cm ( 1 - 33 ) = 


899 nm 


42. We solve Eq. 35-13 for the slit separation width, d, using the given information. Then setting m= 3, 
we solve for the angle of the third order maximum. 


sint? = 


mA 


— ^ d — 


mA _ l(589nm) 
sin6> _ sin 16.5° 


= 2074nm = 


2.07//m 


d 2 = sin 1 ] -27T 


mA ^ 
~d 


■ sm 


^3x589nm x 
2074 nm 


58.4° 


43. We find the angle for each “boundary” color from Eq. 35-13, and then use the fact that the 

displacement on the screen is given by tan 6? = — , where y is the displacement on the screen from the 

L 


central maximum, and L is the distance from the grating to the screen. 


1 


• a a 

sm 0 = ; d = — , 

d 610 lines/ mm l 1 0 mm 


L = Ltan 


lm 


(l/6.1xl0 5 )m ; y = Ltant? = Ltan 


. _i mA 

sm 

d 


• -1 m \ed 

sm — — 

-Ltan 

sin 

1 m ^violet 

d 



d 


{ tan 

. (l)(700 x 10~ 9 m) 

sin — 7T 

-tan 

sin 

(l)(400x 10~ 9 m)"|j 

/ / c \ 1 

1 

(l/6.1xl0 5 )m 



(l/6.1xl0 5 )m J 


= 0.0706m: 


l 2 -L tan 


7 cm 


• -i 

sm — — 

-Ltan 

sin 

1 m ^violet 

d 



d 


\ tan 

(2) (700 x 10“ 9 m) 
sin — 

- tan 

sin 

(2)(400 x 10“ 9 m)”|j 

1 

(l/6. lx 10 s )m 



(l/6.1 x 10 5 )m JJ 


= 0.3464 m: 


35 cm 


The [second order| rainbow is dispersed over a larger distance. 


44. 


(a) 


(b) 


Missing orders occur when the angle to the interference maxima (Eq. 34-2a) is equal to the 
angle of a diffraction minimum (Eq. 35-2). We set d — 2D and show that the even interference 
orders are missing. 


sin0 = 


m t A 

~7~ 


m^A 

D 


777, 

777, 


d_ 

D 


— 2 — » 777, = 2777, 

D 


Since m 2 - 1,2, 3, 4, ..., all even orders of mi correspond to the diffraction minima and will be 
missing from the interference pattern. 

Setting the angle of interference maxima equal to the angle of diffraction minimum, with the 
orders equal to integers we determine the relationship between the slit size and separation that 
will produce missing orders. 
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(c) 


sin# = 


m j A 

~T 


m^A 

D 


d _ m l 
D m 2 


When d - D , all interference maxima will overlap with diffraction minima so that no fringes 
will exist. This is expected because if the slit width and separation distance are the same, the 
slits will merge into one single opening. 


45. 


(a) 


0 b ) 
(c) 


Diffraction maxima occur at angles for which the incident 
light constructive interferes. That is, when the path length 
difference between two rays is equal to an integer number of 
wavelengths. Since the light is incident at an angle <f> 
relative to the grating, each succeeding higher ray, as shown 
in the diagram, travels a distance A£, = d sin tj> farther to 
reach the grating. After passing through the grating the 
higher rays travel a distance to the screen that is again longer 
by A£, = d sin 0 . By setting the total path length difference 
equal to an integer number of wavelengths, we are able to 
determine the location of the bright fringes. 

A£ = A£, + A£j = d (sin ^ + sin 0 s ) = ±mA, m = 0,1,2,.... 



The ± allows for the incident angle and the diffracted angle to have positive and negative 
values. 

We insert the given data, with m= 1, to solve for the angles 9. 


f . mA Z 

-sm<»± 

- sin" 1 

V d ) 

V 


-sinl5° ± - 


550x10 9 m 
0.01 m/5000 lines 


0.93° and -32° 


46. Using Eq. 35-13 we calculate the maximum order possible for this diffraction grating, by setting the 

angle equal to 90°. Then we set the resolving power equal to the product of the number of grating 

lines and the order, where the resolving power is the wavelength divided by the minimum separation 

in wavelengths (Eq. 35-19) and solve for the separation. 

dsmO (0.01m/65001ines)sin90° . 

-> m = = 4 —L = 2.47 * 2 


. mA 

siny = 

d 

A AT 
— = Nm - 
AA 


A 


AA - 


A 


624 x 10 m 
624 nm 


Nm (6500 lines/cm) (3. 18 cm)(2) 


0.015 nm 


The resolution is best for the second order| , since it is more spread out than the first order. 


47. ( a ) The resolving power is given by Eq. 35-19. 

( b ) 


R = Nm R, = (l6,000)(l) = 1 16, 000 1 ; R, = (16,000)(2) = |32,000 

The wavelength resolution is also given by Eq. 35-19. 


= Nm — > A A = 


R = = Nm 

A A 


A 

Nm 


A A, = 


410nm 

( 1 6 , 000 ) ( 1 ) 


= 2.6x 10 "nm = 


26pm 


A A, = 


410nm 
(32, 000) ( 1 ) 


= 1.3 x 10 "nm = 


13pm 
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48. (a) We use Eq. 35-13, with the angle equal to 90° to determine the maximum order. 
mA d sin# (I050nm)sin90° 

— — — 1 .O 1 


sint? = 


d 


— > m ■ 


A 


580 nm 


Since the order must be an integer number there will only be one principal maximum on either 
side of the central maximum. Counting the central maximum and the two other principal 


maxima there will be a total of [three principal maxima.) 


(b) We use Eq. 35-17 to calculate the peak width, where the full peak width is double the half-peak 
width and the angle to the peak is given by Eq. 35-13. 


6>=0 


A0 n = 2 


A 


2A 


2(580nm) 


Ndcos9 0 fcos 9 0 (l. 80x10 2 m)cos0° 


= 6.4x10 - rad = 0.0037° 


. _! ( mA ^ 

/ 

sm 

= sfrf 1 

l d ) 

V 


±1 x580nm 
1050nm 


= ±33.5° 


A6> =- 


2/1 


£cost7 



> —nn - l0“ 5 rad - 

0.0044° 

(l .80 x 10~ 2 m] 

lcos(±33.5°) 



|49.| We use Eq. 35-20, with m = 1. 


, • j. j. ■ -i mA . _i (l)(0.138nm) 

mA-2dsm<p — > tp-sm = sin - 

2 d 2(0.285nm) 


14.0° 


50. We use Eq. 35-20 for X-ray diffraction. 

(a) Apply Eq. 35-20 to both orders of diffraction. 

, 0 , • , m, sin^, , 

mA = 2d sirup — > — L = — — > m,- 


■ sm 




sin < 


m, 


-sm< 


\ m x 


(2 ^ 

= sin 1 1 ysin26.8° 


64.4° 


(. b ) Use the first order data. 

mA -2d sin tf> — > 


^ 2dmuj) 2(0.24 nm)sin26. 8° 


m 


1 


0.22 nm 


51. For each diffraction peak, we can measure the angle and count the order. Consider Eq. 35-20. 
mA — 2d sin^ — > A = 2d sin <f> } ; 2A = 2dsm(j) 2 ; 3/t = 2rfsin^, 


2 


From each equation, all we can find is the ratio — = 2sin <f- sin (f> 2 - ysin . |No| 

d ' ^ 

separately determine the wavelength or the spacing. 


we cannot 


52. Use Eq. 35-21. Since the initial light is unpolarized, the intensity after the first polarizer will be half 
the initial intensity. Let the initial intensity be 7 0 . 

r i r r r 2 n \ t 2 n h COs2 65 ° 

h=\h ; I 2 = / | COS-6» = }/ 0 COS 6 -±= — - — 


0.089 


53. If I 0 is the intensity passed by the first Polaroid, the intensity passed by the second will be I 0 when 
the two axes are parallel. To calculate a reduction to half intensity, we use Eq. 35-2 1 . 


/ = 7 0 cos 2 9 = jl 0 —> cos 2 0 = j 


0 = 45° 
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54. We assume that the light is coming from air to glass, and use Eq. 35-22b. 


tan = 1.58 — > 0 n = tan 1 1.58 = 57.7° 

p glass p 


[5 5 -| The light is traveling from water to diamond. We use Eq. 35-22a. 


tant? p = 


1 diamond 


2.42 

L33 


= 1.82 


0= tan" 1 1.82 =61.2° 


56. The critical angle exists when light passes from a material with a higher index of refraction («, ) into 
a material with a lower index of refraction («, ). Else Eq. 32-7. 

— = sin 0 r = sin55° 


To find the Brewster angle, use Eq. 35-22a. If light is passing from high index to low index, we 
have the following. 

^I = tan0 =sin55° -> 0 = taW 1 (sin55°) = [39° 

If light is passing from low index to high index, we have the following. 

1 -\( 1 ^ 


— = tan 0„ =■ 


sin55° 


— > 0„- tan 


sin55° 


51° 


57. Let the initial intensity of the unpolarized light be 7 0 . The intensity after passing through the first 
Polaroid will be 7, =|7 0 . Then use Eq. 35-21. 

I 2 = 7, cos 2 0 = }7 0 cos 2 0 -» 0 = cos _1 


h 


27. 


(a) 0 = cos l I — - = cos 1 , — - |35.3° 


27. 


(. b ) 0-cos l j — - = cos\ — = |63.4° 


7, 


10 


58. For the first transmission, the angle between the light and the polarizer is 18.0°. For the second 
transmission, the angle between the light and the polarizer is 36.0°. Use Eq. 35-21 twice. 

7, = 7 0 cos 2 18.0° ; I 2 =7 1 cos 2 36.0° = 7 0 cos 2 18.0°cos 2 36.0° = 0.5927 0 


Thus the transmitted intensity is |59.2%| of the incoming intensity 


59. First case: the light is coming from water to air. Use Eq. 35-22a. 


tan 0 = 


n,„ r 


— > 0„ - tan 1 


= tan 


_\ 1.00 

1.33 


36. 9 C 


Second case: for total internal reflection, the light must also be coming from water into air. Use Eq. 
32-7. 


sin 0 C = ■ 


-» 0 p = sin 


. , 1.00 

: sin 

1.33 


48.1 


Third case: the light is coming from air to water. Use Eq. 35-22b. 

= tan" 1 1.33 = 153.1° 


tan0 p =« water -> 0 p = tan- n waler 


Note that the two Brewster’s angles add to give 90.0°. 
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60. When plane -polarized light passes through a sheet oriented at an angle 0, the intensity decreases 
according to Eq. 35-21, 7 = 7 0 cos 2 0. For 0 = 45°, cos 2 0 = Thus sheets 2 through 6 will each 
reduce the intensity by a factor of The first sheet reduces the intensity of the unpolarized incident 
light by j as well. Thus we have the following. 



61. We assume vertically polarized light of intensity 7 0 is incident upon the first polarizer. The angle 
between the polarization direction and the polarizer is 0. After the light passes that first polarizer, 
the angle between that light and the next polarizer will be 90° - 0. Apply Eq. 35-21. 

7j = 7 0 cos 2 0 ; 7 = I x cos 2 (90° - 0) = 7 0 cos 2 0cos 2 (90° - 0) = I 0 cos 2 0sin 2 0 
We can also use the trigonometric identity sin0cos0 = 4-sin 20 to write the final intensity as 
7 = 7 0 cos 2 0sin 2 0 = f I n sin 2 20 . 

= -^(4-7 o sin 2 20) = }I 0 (2sin20)(cos20)2 = 7 0 sin 20 cos 20 = 4-7 o sin40 

d 6 d 6 

|7 o sin40 = O -> 40 = 0, 180°, 360° -> 0 = 0, 45°, 90° 


Substituting the three angles back into the intensity equation, we see that the angles 0° and 90° both 
give minimum intensity. The angle 45° gives the maximum intensity of jl 0 . 


62. We set the intensity of the beam as the sum of the maximum and minimum intensities. Using Eq. 
35-2 1 , we determine the intensity of the beam after it has passed through the polarizer. Since 7 min is 
polarized perpendicular to 7 max and the polarizer is rotated at an angle (j) from the polarization of 7 max , 
the polarizer is oriented at an angle of (90° - (j)) from 7 min . 


1 0 max An in 


7 = 7 0 cos 2 (f) = 7 max cos 2 </> + 7 mm cos 2 (90 -$) = 7 max cos 2 </> + 7 min sin 2 </> 

We solve the percent polarization equation for 7 min and insert the result into our intensity equation. 


7 —I 


I + 1 


7 •„ 


sin" <h= I 


, , fl -p V , , (1+ n)cos 2 ^ + (l-p)sin 2 ^ 

/ = / maxCOS-^+ 7 Sin (j) = 7 max A L L 

yi+p ) L l+ p 

(cos 1 <f> + sm 2 (/)) + p(cos 2 (p-sm 1 <t>) _r H + pC os2<p~] 

1 + p 1 + p 


63. Because the width of the pattern is much smaller than the distance to the screen, the angles from the 
diffraction pattern for this first order will be small. Thus we may make the approximation that 
sin 0 = tan 0. We find the angle to the first minimum from the distances, using half the width of the 
full first order pattern. Then we use Eq. 35-2 to find the slit width. 

, (8.20cm) 

tan ^imin =T7TT2 \ ~ 0-01439 = sm0 lmin 

(285cm) 

mA (l)(415nm) , 

DsmO = mA — > D- = AA^ 7 = 2.88xl0 4 nm 

sin0 0.01439 
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64. If the original intensity is I Q , the first polarizers will reduce the intensity to one half the initial 
intensity, or f =\f y Each subsequent polarizer oriented at an angle 6 to the preceding one will 

reduce the intensity by cos 2 0 , as given by Eq. 35-21. We set the final intensity equal to one quarter 
of the initial intensity, with 0 = 1 0° for each polarizer and solve for the minimum number of 
polarizers. 

\ n - 1 


I -yl 0 { COS 2 i?) 




24 polarizers 


ln(cos 2 6>) ln(cos 2 10°) 

We round the number of lenses up to the integer number of polarizers, so that the intensity will be 
less than 25% of the initial intensity. 


65. The lines act like a grating. We assume that we see the first diffractive order, so 111 = 1. Use Eq. 35- 
13. 

111 A _ (l)(480nm) 


d sin 6 — m/ 1 


d = - 


sint? 


sin 56° 


580 nm 


66. We assume the sound is diffracted when it passes through the doorway, and find the angles of the 
minima from Eq. 35-2. 

, v „ . „ . mv . _i mv 

A - — ; DsmO-mA - — — > 0 - sm ,m- 1,2,3,... 

/ / Df 

mv (l)(340m/s) 


m - 1 : 6 = sin ' — = sm . 

Df (0.88m)(850Hz) 

• -1 mv . _j (2) (340 m/s) 
m-2: 0 - sm = sm 7 7 


27° 


Df (0.88m)(850Hz) 


65° 


, a ■ -1 mv ■ -1 (3) (340 m/s) . _j 

m - 3: 6 - sm = sm — 7 — 


Df (0.88m)(850Hz) 


= sin 1.36 = impossible 


Thus the whistle would not be heard clearly at angles of 1 27° and 65° on either side of the normal. 


|67.| We find the angles for the first order from Eq. 35-13. 

111 A (l) f 4.4 x 1 0 7 m) 

0, = sin- 1 — = sin" 1 — L = 19.5° 

d 0.01 m/7600 


0 2 — sin 


. , (l) (6.8 x 10 -7 m) 


= 31.1° 


0.01 m/7600 

The distances from the central white line on the screen are found using the tangent of the angle and 
the distance to the screen. 

y ] -L tan6/ = (2.5m)tanl9.5° = 0.89m 

y 2 = L tan^ = (2. 5 m) tan 3 1.1° = 1.51m 
Subtracting these two distances gives the linear separation of the two lines. 
y 2 - y 1 = 1.51m - 0.89m = 0.6m 
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68. Because the angle increases with wavelength, to miss a complete order we use the smallest visible 
wavelength, 400 nm. The maximum angle is 90°. With these parameters we use Eq. 35-13 to find 
the slit separation, d. The inverse of the slit separation gives the number of lines per unit length. 

mA 2(400nm) 


d sin 0 = mA — > d - ■ 


sin6> sin 90° 


800 nm 


1 


1 


d 800 x 10 'cm 


12,5001ines/cm 


69. We find the angles for the two first-order peaks from the distance to the screen and the distances 
along the screen to the maxima from the central peak. 

v, , v, | (3.32cm) 

tan6>, = -> 9, - tan -1 A = tan ' 1 ) = 2.88° 

£ £ (66.0cm) 


/I y ■> n -1 v, _! (3.71cm) 

tan 9-,=— — > 9 7 - tan — = tan v 
2 £ 2 £ 


= 3.22° 


(66.0cm) 

Inserting the wavelength of yellow sodium light and the first order angle into Eq. 35-13, we calculate 
the separation of lines. Then, using the separation of lines and the second angle, we calculate the 
wavelength of the second source. Finally, we take the inverse of the line separation to determine the 
number of lines per centimeter on the grating. 

a ■ a i a ! ( 589 nm ) ,, 

dsm9,=mA, — > d = — = — - = ll,720nm 

sin <9, sin2.88° 

d sin 9 X 


A-, — ■ 


1 


m 


- (l 1, 720 nm) sin 3.22° = 


658nm 


1 line 


d 11,720x10 'em 


8531ines/cm 


70. We find the angles for the first order from Eq. 35-13, with m= 1. The slit spacing is the inverse of 
the lines/cm of the grating. 


d = 


1 


lm 


81001ines/cm 100cm 8.1x10 

. _ ■ -i A. . A 1 . 656xl0' 9 m 

A6' = sm —-sin -^ = sin 


1 . . . , - . mA 

rm ; dsm9 = mA — > 9- sm 

,5 J 


4 1 0 x 1 O' 9 m 


1 


-sm 


8.1 x 10 


m 


1 


8.1 x 10 


m 


13° 


71. (a) This is very similar to Example 35-6. We use the same notation as in that Example, and solve 
for the distance £. 

(6.0xl0' 3 m)(2.0m) 


s = £6> = £ 


1.22 A 


£ = 


Ds 


D 1.22 X 1.22(560x1 0“ 9 m) 

(b) We use the same data for the eye and the wavelength. 

' 180° 
^•rad 


1.8 x 10 4 m = 18km 


9 = 


122 A 1.22(560 xl0' 9 m) 

= - = ^ = 1.139 xlO- 4 rad 

(6.0 x 10' 3 m) 


D 


3600 

1 ° 




23" 


Our answer is less than the real resolution, because of atmospheric effects and aberrations in the 
eye. 
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72. 


We first find the angular half-width for the first order, using Eq. 35-1, sint? = — . Since this angle is 

small, we may use the approximation that sin 9 ~ tan 9. The width from the central maximum to the 
first minimum is given by y — L tan 9. That width is then doubled to find the width of the beam, 
from the first diffraction minimum on one side to the first diffraction minimum on the other side. 
y = L tan 9 — L sin 9 


1 2(3.8 x 10 8 m)(633 x 10“ 9 m) 

Ay = 2 v — 2Lsin9 = 2 L — = — — - 

D 0.010m 


4.8 x 10 4 m 


[73j The distance between lines on the diffraction grating is found by solving Eq. 35-13 for d, the grating 

spacing. The number of lines per meter is the reciprocal of d. 

, mA 1 sint? sin21.5° 

d = : 


sint? 


d mA (1)6.328x10“ 


m 


5.79 x 10 5 lines/m 


74. (a) We calculate the wavelength of the mother’s sound by dividing the speed of sound by the 

frequency of her voice. We use Eq. 34-2b to determine the double slit interference minima with 
d = 3.0 m. 


A = v/f = (340 m/s)/(400 Hz) = 0.85 


m 


9 = sin 1 

(777 + 1) A 

- sin 1 

(777 +|)(0.85 m) 


d 


(3.0 m) 


: sin 1 [0.2833(m + 4)], m = 0,1,2,... 


U°, 25°, 45°, and 83° 


We use Eq. 35-2 to determine the angles for destructive interference from single slit diffraction, 
with D = 1.0m. 


9 = sin 1 


mA 

- sin 1 

777(0.85 m) 

D 


( 1.0 m) 


= sin 1 [0.857w], 777 = 1,2, 


9 = 58° 


(b) We use the depth and length of the room to determine the angle the sound would need to travel 
to reach the son. 

1.0 m A 


9 — tan 1 


5.0 m 


= 58° 


This angle is close to the single slit diffraction minimum, so the son has a good explanation for 
not hearing her. 


75. We use the Brewster angle, Eq. 35-22b, for light coming from air to water, 
tan 9 p = n — » 9 p = tan“' n - tan“' 1.33 = 53.1° 

This is the angle from the normal, as seen in Fig. 35-41, so the angle above the horizontal is the 


complement of 90.0 o -53.1° = |36.9° 


76. (a) Let the initial unpolarized intensity be 7 0 . The intensity of the polarized light after passing the 
first polarizer is /, = \I 0 . Apply Eq. 35-21 to find the final intensity. 

I 2 - 7j cos 2 9 = 7j cos 2 90° = [o]. 

( b ) Now the third polarizer is inserted. The angle between the first and second polarizers is 66°, so 
the angle between the second and third polarizers is 24°. It is still true that 7, = |7 0 . 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

422 








Chapter 35 


Diffraction and Polarization 


I 2 = /j cos 2 66° = j/ 0 cos 2 66° ; / 3 = /,cos 2 24 0 = y/ 0 cos 2 66 0 cos 2 24° = 0.069 — > 


0.069 


A 

(c) The two crossed polarizers, which are now numbers 2 and 3, will still not allow any light to pass 

h 


through them if they are consecutive to each other. Thus — = [o]. 


I, 


77. The reduction being investigated is that which occurs when the polarized light passes through the 
second Polaroid. Let /, be the intensity of the light that emerges from the first Polaroid, and / 2 be 
the intensity of the light after it emerges from the second Polaroid. Use Eq. 35-21. 

( a ) I 2 = 7j cos 2 9 = 0.25/j — » 9 - cos 1 ^0.25 = 60° 


(b) I 2 ^ cos 2 <9 = 0.107, -> 9 = cos~‘ VOTO = [72° 

(c) I 2 = 7, cos 2 9 = 0.010/! -> 9 = cos -1 VO.OIO - [84° 


78. (a) We apply Eq. 35-21 through the successive polarizers. The initial light is unpolarized. Each 
polarizer is then rotated 30° from the previous one. 

I\ = ih ; 1 2 = 7,cos 2 6> 2 = }7 0 cos 2 6>, ; / 3 = I 2 cos 2 9 3 - j7 0 cos 2 0, cos 2 9 3 ; 


/ 4 = / 3 cos 2 9 4 -jl 0 cos 2 # 2 cos 2 0 3 cos 2 9 4 = \I 0 cos 2 30° cos 2 30° cos 2 30° = 


0.2 IL 


( b ) If we remove the second polarizer, then the angle between polarizers # 1 and # 3 is now 60°. 
f =j/ 0 ; / 3 = 7j cos 2 0, = j7 0 cos 2 0 3 ; 

/ 4 = / 3 cos 2 0 4 =|/ 0 cos 2 0 3 cos 2 0 4 =|/ 0 cos 2 60°cos 2 30° = 0.094 1 0 
The same value would result by removing the third polarizer, because then the angle between 
polarizers # 2 and # 4 would be 60°. Thus we can decrease the intensity by removing either the 


second or third polarizer. 


If we remove both the 

second and third polarizers, 


perpendicular, so no light will be transmitted. 


|79.| For the minimum aperture the angle subtended at the lens by the smallest feature is the angular 

resolution, given by Eq. 35-10. We let H represent the spatial separation, and r represent the altitude 
of the camera above the ground. 

. 1.22/1 l 1.22 Ar 1.22(580 x 10' 9 m)(25000m) 

u — — — — ^ 1) — — — 0.3538m ' 


D 


i 


(0.05m) 


0.4 m 


80. Let 7 0 be the initial intensity. Use Eq. 35-21 for both transmissions of the light, 
/j = 7 0 cos 2 9 X ; I 2 = /j cos 2 9 2 = I 0 cos 2 9 X cos 2 9 2 = 0.25 1 0 — > 


9 { = cos 


Vfr25 


cos 9. 


■■ cos 


2 J 


V025 

cos48° 


42° 


81. We find the spacing from Eq. 35-20. 

mA _(2)(9.73xl0- u m) 


nt A = 2d sin (j) 


d = 


2 sin < 


2sin23.4° 


2.45 x 10 _1 °m 
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82. The angles for Bragg scattering are found from Eq. 35-20, for 
m = 1 and m = 2. If the distance from the crystal to the screen 
is l, the radius of the diffraction ring is given by r - l tan 2(/>. 


2d%mtj> = mA ; r — i tan20 = l tan 
r x = i tan 


mA 

2 sin 

2d 


r 2 = l tan 


~ . _1 

f mA'] 

2sm 

— 

- 

1 2d )] 

.m) tan 

2 sin -1 

^ • —1 

r mA \ 

2 sin 



v 2d J_ 


(l)(0.10xl0 -9 m) 
2(0.22 xlO -9 m) 


0.059 m 


= (0.12 m) tan 


2 sin 


(2)(0.10xl0^ 9 m) 
2(0.22 xl0“ 9 m) 



0.17m 


83. From Eq. 35-10 we calculate the minimum resolvable separation angle. We then multiply this angle 
by the distance between the Earth and Moon to obtain the minimum distance between two objects on 
the Moon that the Elubble can resolve. 

1.222 _ 1.22(550 x 10“ 9 m) 


0 = 


- 2.796 x 10 rad 


D 2.4m 

l = s6 = (3.84 x 10 8 m)(2.796 x 10 7 rad) = 


110m 


84. From Eq. 35-10 we calculate the minimum resolvable separation angle. We then multiply this angle 
by the distance between Mars and Earth to obtain the minimum distance between two objects that 
can be resolved by a person on Mars 

1.22A 1.22(550x10-’ m) j 

= - = 1.34x10 rad 


0 = - 


D 


0.005 m 


£ = s 6> = (8xl0 10 m)(l. 34x10^ rad) = | 1.07x1 0 7 


m 


Since th e minimum resolvable distance is much less than the Earth -Moon distance, a person standing 
on Mars could resolve the Earth and Moon as two separate objects without a telescope. 


85. The distance x is twice the distance to the first minima. We can write x in terms of the slit width D 


A 

using Eq. 35-2, with m = 1. The ratio — is small, so we may approximate sin 6 = tan 6 ~ 6. 

sin 0- — k6 ; x = 2 v = 2£ tan# = 210 = 2i — 

D D 

When the plate is heated up the slit width increases due to thermal expansion. Eq. 17- lb is used to 
determine the new slit width, with the coefficient of thermal expansion, a, given in Table 17-1. Each 
slit width is used to determine a value for x. Subtracting the two values for x gives the change Ax. 
We use the binomial expansion to simplify the evaluation. 


Ax -x-x n = 2H 


A 


D 0 (\ + aAT) 


-21 


A 

vA ) ) 


2 HA 


A, 


1 


(1 + aAT) 


-1 


2 IA 
D n 


((1 + aAT)’ 1 


-1 


2M (l-^-l) = -^2- = - 2(2 '° m)(650Xl0 "’ m) 


a 


D n 


(22xl0~ 6 m) 


25x10” 6 (C°) (55C°) 


-1.7x10 4 m 
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86. The tangent of the angle for each order is the distance in the table divided by the distance to the 
screen. If we call the distance in the table y and the distance to the screen i, then we have this 
relationship. 

tan 6 = — — » 6 - tan 1 — 

l l 

The relationship between the angle 
and the wavelength is given by Eq. 

35-2, Dsin# = mA, which can be 
2 

written as sin 0 = — m. A plot of 
D 

sin# vs. m should have a slope of 
2 

— , and so the wavelength can be 

determined from the slope and the 
slit width. The graph is shown, and 
the slope used to calculate the wavelength. 

= slope -> A = (slope)D = (0.0147l)(4.000x 10 5 m) = 

The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH35.XLS,” on tab “Problem 35.86.” 


588.4 nm 



87. We have N polarizers providing a rotation of 90°. Thus, each polarizer must rotate the light by an 
angle of # N = (90/N)°. As the light passes through each polarizer, the intensity will be reduced by a 

factor of cos 2 # N . Let the original intensity be I 0 . 


I x = I 0 cos 2 # N ; I 2 - /[ cos 2 # N = I 0 cos 4 0 N ; / 3 = I 2 cos 2 # N = 7 0 cos 6 # N 
/ N =/ 0 (cos# n ) 2N =0.90/ 0 -> [cos (90°/N)] 2N = 0.90 

We evaluate [cos(90°/N)J N for various values of N. A table for a few 
values of N is shown here. We see that N = 24 satisfies the criteria, and so 


0 N = (90/24N) 0 = (90/24N) 0 = 3.75°. So we need to put 24 polarizers in the 


path of the original polarized light, each rotated 3.75° from the previous one. 


The spreadsheet used for this problem can be found on the Media Manager, 
with filename “PSE4_ISM_CH35.XLS,” on tab “Problem 35.87.” 


N [cos(90//V)] 


2 N 


21 

0.8890 

22 

0.8938 

23 

0.8982 

24 

0.9022 

25 

0.9060 


1. (a) The intensity of the diffraction pattern is given by Eqs. 35-6 and 35-7. We want to find the 
angle where I -\I 0 . Doubling this angle will give the desired A#. 


Wo 


sin P /2 

PI1 


= jl 0 — > sin/?/2 = or sina = -^L, with a = \j3 


V2 


V2’ 


This equation must be solved numerically. A spreadsheet was developed to find the non-zero 

oc . 

values of a that satisfy sin a - = 0 . It is apparent from this expression that there will be no 

solutions for a > p2. The only non-zero value is a = 1.392. Now use Eq. 35-6 to find 0. 

a 2n . a a . Ap . _j 2 Aa . 2(1.392) 

# = — Dsmd -> # = sm — — = sm = sm — : ; 

A 2 kD 2 nD nD 


A# -20 - 




jzD 
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o b ) For D = k : 

For D = 100/1 : 


A , = 2s m'^M = 2si„-'FM 

nD re 

nD 1 00^" 



The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_1SM_CFI35.XLS,” on tab “Problem 35.88.” 
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CHAPTER 36: The Special Theory of Relativity 


Responses to Questions 

[f] No. The train is an inertial reference frame, and the laws of physics are the same in all inertial 

reference frames, so there is no experiment you can perform inside the train car to determine if you 
are moving. 

2. The fact that you instinctively think you are moving is consistent with the relativity principle applied 
to mechanics. Even though you are at rest relative to the ground, when the car next to you creeps 
forward, you are moving backward relative to that car. 

3. As long as the railroad car is traveling with a constant velocity, the ball will land back in his hand. 

4. The relativity principle refers only to inertial reference frames. Neither the reference frame of the 
Earth nor the reference frame of the Sun is inertial. Either reference frame is valid, but the laws of 
physics will not be the same in each of the frames. 

5. The starlight would pass at c, regardless of your spaceship’s speed. This is consistent with the 
second postulate of relativity which states that the speed of light through empty space is independent 
of the speed of the source or the observer. 

6. It deals with space-time (sometimes called “the fabric of space-time”) and the actual passage of time 
in the reference frame, not with the mechanical workings of clocks. Any measurement of time 
(heartbeats or decay rates, for instance) would be measured as slower than normal when viewed by 
an observer outside the moving reference frame. 

f7] Time actually passes more slowly in the moving reference frames, according to observers outside 
the moving frames. 

8. This situation is an example of the “twin paradox” applied to parent-child instead of to twins. This 
might be possible if the woman was traveling at high enough speeds during her trip. Time would 
have passed more slowly for her and she could have aged less than her son, who stayed on Earth. 
(Note that the situations of the woman and son are not symmetric; she must undergo acceleration 
during her journey.) 

9. No, you would not notice any change in your heartbeat, mass, height, or waistline, because you are 
in the inertial frame of the spaceship. Observers on Earth, however, would report that your heartbeat 
is slower and your mass greater than if you were at rest with respect to them. Y our height and 
waistline will depend on your orientation with respect to the motion. If you are “standing up” in the 
spaceship such that your height is perpendicular to the direction of travel, then your height would not 
change but your waistline would shrink. If you happened to be “lying down” so that your body is 
parallel to the direction of motion when the Earth observers peer through the telescope, then you 
would appear shorter but your waistline would not change. 

10. Yes. However, at a speed of only 90 km/hr, v/c is very small, and therefore y is very close to one, so 
the effects would not be noticeable. 
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1 1 . Length contraction and time dilation would not occur. If the speed of light were infinite, v/c would 
be zero for all finite values of v, and therefore y would always be one, resulting in A t = A t 0 and 


12. The effects of special relativity, such as time dilation and length contraction, would be noticeable in 
our everyday activities because everyday speeds would no longer be so small compared to the speed 
of light. There would be no “absolute time” on which we would all agree, so it would be more 
difficult, for instance, to plan to meet friends for lunch at a certain time! In addition, 25 m/s would 
be the limiting speed and nothing in the universe would move faster than that. 

13. Both the length contraction and time dilation formulas include the term - v 2 / c 2 . If c were not 

the limiting speed in the universe, then it would be possible to have a situation with v > c. However, 
this would result in a negative number under the square root, which gives an imaginary number as a 
result, indicating that c must be the limiting speed. 

14. Mr. Tompkins appears shrunk in the horizontal direction, since that is the direction of his motion, 
and normal size in the vertical direction, perpendicular to his direction of motion. This length 
contraction is a result of the fact that, to the people on the sidewalk, Mr. Tompkins is in a moving 
frame of reference. If the speed of light were only 20 mi/h, then the amount of contraction, which 
depends on y, would be enough to be noticeable. Therefore, Mr. Tompkins and his bicycle appear 
very skinny. (Compare to the chapter-opening figure, which is shown from Mr. Tompkin’s 
viewpoint. In this case, Mr. Tompkins sees himself as “normal” but all the objects moving with 
respect to him are contracted.) 

mv 

15. No. The relativistic momentum of the electron is given by p - ymv - . =. At low speeds 

v l-v 2 /c 2 

(compared to c ) this reduces to the classical momentum, p = mv. As v approaches c, y approaches 
infinity so there is no upper limit to the electron’s momentum. 

16. No. To accelerate a particle with nonzero rest mass up to the speed of light would require an infinite 
amount of energy, and so is not possible. 

17. No. E = me 2 does not conflict with the principle of conservation of energy as long as it is understood 
that mass is a form of energy. 

18. Yes, mass is a form of energy so technically it is correct to say that a spring has more mass when 
compressed. However, the change in mass of the spring is very small and essentially negligible. 

19. “Energy can be neither created nor destroyed.” Mass is a form of energy, and mass can be 
“destroyed” when it is converted to other forms of energy. The total amount of energy remains 
constant. 

20. Technically yes, the notion that velocities simply add is wrong. However, at everyday speeds, the 
relativistic equations reduce to classical ones, so our ideas about velocity addition are essentially 
true for velocities that are low compared to the speed of light. 
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Solutions to Problems 


[l] You measure the contracted length. Find the rest length from Eq. 36-3a. 
i 38.2m 


L = 


" f 


2/2 

-V C 


^j\-(0.S50) 2 


72.5 m 


2. We find the lifetime at rest from Eq. 36- la. 



f 2.70x 10 8 m/s'] 

2 


At 0 = Atj\-v 2 /c 2 = (4.76 x 10“ 6 s) ll - 


2.07 x 10“ 6 s 

v 3.00 xlO 8 m/s. 



3. The numerical values and 
graph were generated in a 
spreadsheet. The graph is 
shown also. The spreadsheet 
used for this problem can be 
found on the Media Manager, 
with filename 

“PSE4_ISM_CH36.XLS,” on 
tab “Problem 36.3.” 



v/c 

0.00 

0.01 

0.05 

0.10 

0.20 

0.30 

0.40 

0.50 

0.60 

0.70 

0.80 

0.90 

0.99 

y 

1.000 

1.000 

1.001 

1.005 

1.021 

1.048 

1.091 

1.155 

1.250 

1.400 

1.667 

2.294 

7.089 


4. The measured distance is the contracted length. Use Eq. 36-3a. 


f = £ 0 Vl-v 2 / C 2 =(l351y). 1- 


2.80 xlQ 8 m/s 
3.00 xlO 8 m/s 


48.5 ly 


5. The speed is determined from the time dilation relationship, Eq. 36- la. 


A t 0 = At^jl-v 2 / c 2 


— > 




= c. 1- 


- 8 _\ 


2.60 x 10 s 
4.40 x 10~ 8 s 


0.807c| = 2.42 x 1 0 8 m/s 


6. The speed is determined from the length contraction relationship, Eq. 36-3a. 


W 1 -v 7 c 2 -» v=c J 1 ' 


f o 

v^o J 


= cjl- 


^351y V 

v561y j 


0/78cJ = 2.3 x 1 0 8 m/s 


[ 7 ] The speed is determined from the length contraction relationship, Eq. 36-3a. Then the time is found 
from the speed and the contracted distance. 

l = l 0 yjl-v 2 /c 2 


-» 
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v-cA 1 - 


( n ^ 


0 

\ ^oy 


v 


cA 1 - 


( n ^ 


V^oy 


c. 1 — 


25 ly _ (25y)c _ 

“ c( 0.923) 


251y 

v 651 y. 


27 y 


The speed is determined from the length contraction relationship, Eq. 36-3a. 


^ = ^oV 1 — v 2 /c 2 v = c 1 


V^oy 


= c^/l- (0.900)' = 


0.436c 


9. The change in length is determined from the length contraction relationship, Eq. 36-3a. The speed is 
very small compared to the speed of light. 

^ - W 1- v V c ' 

f 2 \ 1/2 2 


y = -v 2 /c 2 


i-T 

c 


: 1 - 1 — = 1-1 

1 2 2 2 

c 


U 1 .2 x 1 0 3 m/s ^ 


3.00 xlO 8 m/s 


= 1-6.97x10' 


So the percent decrease is 


(6.97 x 10“ 8 )% 


10. ( a ) The measured length is the contracted length. We find the rest length from Eq. 36-3a. 
I 4.80m 


L = 


7.39m 


^~v 2 /c 2 ^l-(0.760) : 

Distances perpendicular to the motion do not change, so the rest height is 
(b) The time in the spacecraft is the rest time, found from Eq. 36- la. 


1.35m 


A t 0 = Atyjl-v 2 /c 2 = (20.0s)-Jl -(0.760) 2 


13.0s 


(c) To your friend, you moved at the same relative speed: 

(d) She would measure the same time dilation: 


0.760c 


13.0s 


1 1 . (a) We use Eq. 36-3a for length contraction with the contracted length 99.0% of the rest length. 


£ = £oV 1-v 7 c2 V = C U' 


2 1 ' 

Z, 

C 

Joy 

= C V ] 


0.141c 


( b ) We use Eq. 36- la for time dilation with the time as measured from a relative moving frame 
1.00% greater than the rest time. 


A t 0 = At^Jl-v 2 / c 2 -> v = cj 1 - = c^Jl - ^ 


1 


v 2 


0.140c 


1.0100 

We see that a speed of 0. 14 c results in about a 1% relativistic effect. 

12. (a) To an observer on Earth, 18.6 ly is the rest length, so the time will be the distance divided by 
the speed. 

£ 0 _(18.6 ly) 


1 - — 

1 Earth 


19.58yr « 19.6yr 


v 0.950c 

( b ) The time as observed on the spacecraft is shorter. Use Eq. 36-la. 

At 0 = Atyjl-v 2 / c 2 =(!9.58yr)Jl-(0.950) 2 = 6.1 14yr » [6.1 lyr 
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( c ) To the spacecraft observer, the distance to the star is contracted. Use Eq. 36-3a. 
i = l 0 yjl-v 2 /c 2 = (18.6 ly)^/l-(0.950) 2 = 5.808 ly ~ |5.81 ly 


(d) To the spacecraft observer, the speed of the spacecraft is their observed distance divided by 
their observed time. 

i _ (5.808 ly) _ , 


v = ■ 


A t Q 6.114yr 


0.950c 


1 3 -| (a) In the Earth frame, the clock on the Enterprise will run slower. Use Eq. 36- la. 
A t 0 = Atyjl-v 2 /c 2 = (5.0yr)^/l-(0.74) 2 = |3.4yr 


(b) Now we assume the 5.0 years is the time as measured on the Enterprise. Again use Eq. 36-la. 


A t 0 = At^l-v 2 /c 2 -» At : 


A t n 


(5-0yr) 

V 1 -v 2 /c 2 yjl - (0.74) 2 


7.4 yr 


14. We find the speed of the particle in the lab frame, and use that to find the rest frame lifetime and 
distance. 


Ax 


1.00m 


At lab 3.40x10“ 9 s 


= 2.941 xlO 8 m/s = 0.9803c 


6.72 x 10“ 10 s 


(a) Find the rest frame lifetime from Eq. 36- la. 

A t 0 = At lab yjl-v 2 / c 2 = (3.40 xl0“ 9 s)^/l-(0.9803) 2 
(. b ) In its rest frame, the particle will travel the distance given by its speed and the rest lifetime. 
Ax 0 = vAt 0 = (2.941 x 10 8 m/s)(6.72 x 10 l0 s) = 


0.198m 


This could also be found from the length contraction relationship: Ax 0 = 


Ax. 




2 / 2 

-v c 


15. Since the number of particles passing per second is reduced from N to N / 2, a time T 0 must have 
elapsed in the particles’ rest frame. The time T elapsed in the lab frame will be greater, according to 
Eq. 36- la. The particles moved a distance of 2 cT 0 in the lab frame during that time. 


t 0 =tJ\-v 2 / c 2 t = 




— ; v = — = 

2/^2 J 


2 cE 


- vc 


0.894c 


f 


2 / 2 

-v c 


16. The dimension along the direction of motion is contracted, and the other two dimensions are 
unchanged. Use Eq. 3 6-3 a to find the contracted length. 

£ = tjl -v 2 /c 2 ; V = £(£ 0 ) 2 = (£ 0 ) 3 yjl -v 2 /c 2 = (2.0m) 3 ^-(O.SO) 2 = | 


4.8 m' 


17. The vertical dimensions of the ship will not change, but the horizontal dimensions will be contracted 
according to Eq. 36-3a. The base will be contracted as follows. 

^base = = ^~{ 0 . 95) 2 = (OH 


When at rest, the angle of the sides with respect to the base is given by 9 = cos 1 ~ 25.52 c 

The vertical component of £ vert = 2£sint? = 2£sin75.52° = 1.936£ is unchanged. The horizontal 
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component, which is 2£cost? = 2f(j) = 0.50f at rest, will be contracted in the same way as the base. 

^horizontal = 0.50 = 0.50^1 - (0.95) 2 = 0.1 56£ 

Use the Pythagorean theorem to find the length of the leg. 

= ^honzon,a,+^e rt = ^ 1561 f + (l -936f) 2 = 1.942£ * UM1 

18. In the Earth frame, the average lifetime of the pion will be dilated according to Eq. 36- la. The speed 
of the pion will be the distance moved in the Earth frame times the dilated time. 



19. We take the positive direction in the direction of the Enterprise. Consider the alien vessel as 

reference frame S, and the Earth as reference frame S'. The velocity of the Earth relative to the alien 
vessel is v = -0.60c. The velocity of the Enterprise relative to the Earth is u x = 0.90c. Solve for 
the velocity of the Enterprise relative to the alien vessel, u x , using Eq. 36-7a. 

K 

ii — — 5 

1 + 

We could also have made the Enterprise as reference frame S, with v = -0.90c, and the velocity of 
the alien vessel relative to the Earth as u x — 0.60c. The same answer would result. 

Choosing the two spacecraft as the two reference frames would also work. Let the alien vessel be 
reference frame S, and the Enterprise be reference frame S'. Then we have the velocity of the Earth 
relative to the alien vessel as u x - -0.60c, and the velocity of the Earth relative to the Enterprise as 




u x = -0.90c. We solve for v, the velocity of the Enterprise relative to the alien vessel. 
_ («; + v) _ (--60c) -(-0.90c) _r^n 

+ (-0.90c)(-.60c)V^ 


, «A 

1 2 

c 


20. The Galilean transformation is given in Eq. 36-4. 

(a) ( x,y,z ) = (jt' + v >C,y,z') = (25m + (30m/s)(3.5s),20m,0) = (l30m,20m,0) 

(. b ) ( x,y,z ) = (x' + vt',y',z’) - (25m + (30m/s)(l0.0s),20m,0) = (325m, 20m, 0) 


21. (a) 


The person’s coordinates in S are found using Eq. 36-6, with x' = 25m, y' - 20 m , z = 0 , and 
t' = 3.5/zs. We set v = 1.80 xlO 8 m/s. 


t , J 

x +vt 



25m + (l.8xl0 8 m/s)(3.5//s) 

1 — (l.8xl0 8 m/s) 2 /(3.0 x10 s m/s) 
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( b ) We repeat part (a) using the time t' = 10.0 //s. 

x' + vt' 25m + (l. 8x10 s m/s)(l0.0//s) 


f 


2 / 2 

-v c 


y = y = 


20m 


^l-(L8xl0 8 m/s) 2 /(3.0 x10 s m/s) 
z-z’ = \ o] 


2280m 


22. We determine the components of her velocity in the S frame using Eq. 36-7, where 

u' x = u' =1.10xl0 8 m/s and v = 1.80 x 10 8 m/s . Then using trigonometry we combine the 
components to determine the magnitude and direction. 

u'+v 1.10xl0 8 m/s + 1.80xl0 8 m/s 


1 


+ vu' x /c 2 l + (l.80xl0 8 m/s)(l.l0xl0 8 m/s)/(3.00xl0 8 m/s) 2 


■ = 2.38 xlO 8 m/s 



'l-v7c 2 _l 

(f . 10x10 s m/s), 

Jl- 

-(l.8xl0 8 m/s) 2 / 

(3.0xl0 8 m/s) 

vi — ~ 

7 1 + 

■ vu' x / c 2 

1 + 1 

1 

oo 

o 

X 

o 

oo 

1.10xl0 8 m/s)/( 

3.00 x10 s m/s) 2 


= 7.21 x 10 7 m/s 


u 


= .Ju; +u v = J(2.38 x 10 8 m/s) 2 + (7.21 x 10 7 m/s) 2 = |2.49 x 10 8 m/s 


. i tty _j 7.21xl0 7 m/s 

9 - tan 1 — = tan 1 

ti 2.38xlO s m/s 


16.9° 


23. (a) We take the positive direction to be the direction of motion of spaceship 1. Consider spaceship 
2 as reference frame S, and the Earth reference frame S'. The velocity of the Earth relative to 
spaceship 2 is v = 0.60c. The velocity of spaceship 1 relative to the Earth is u' x - 0.60c. Solve 
for the velocity of spaceship 1 relative to spaceship 2, u x , using Eq. 36-7a. 

(w'+v) (0.60c + 0.60c) | 


u r - 


1 + 


VU X \ [l + ( 0.60)( 0.60)] 


0.88c 


( b ) Now consider spaceship 1 as reference frame S. The velocity of the Earth relative to spaceship 
1 is v = -0.60c. The velocity of spaceship 2 relative to the Earth is u' x — -0.60c. Solve for the 
velocity of spaceship 2 relative to spaceship 1, u x , using Eq. 36-7a. 

(u' x + v) (-0.60c -0.60c) 


1 + 


vu' x \ [l + ( -0.60)(-0.60)] 


-0.88c 


As expected, the two relative velocities are the opposite of each other. 

24. (a) The Galilean transformation is given in Eq. 36-4. 

x = x' + vt' = x' + vt = 100m + (0.92)(3.00 x 10 8 m/s)(l.00 x 10“ 6 s) = 


376 m 


(b) The Lorentz transformation is given in Eq. 36-6. Note that we are given t, the clock reading in 
frame S. 

^ t vx' 


, vx 
t = y t + — 


c 1 J 


t I- VJY 

t = Y 

y c 


= y (x' + vt') =y 


” 


t \ 

' 

~ 


f \ 


t 

vx 


, V 

ct 

vx 

x' + V 

— 

9 

= r 

x + — 

— 

— 


KY 

c ~ ). 


c 

w 

c ). 
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V 1-0.92 2 ^ 


(100m) + (0.92)(Vl - 0.92 2 ( 3.00 x 10 8 m/s)(l.00 x 10“ 6 s) - 0.92(l00m) 


316m 


25. (a) We take the positive direction in the direction of the first spaceship. We choose reference frame 
S as the Earth, and reference frame S' as the first spaceship. So v = 0.61c. The speed of the 
second spaceship relative to the first spaceship is u x - 0.87c. We use Eq. 36-7a to solve for the 
speed of the second spaceship relative to the Earth, u. 

(«;+v) (0.87c + 0.61c) 


1 + 


vu x \ [l + ( 0.61)( 0.87)] 


0.97c 


(b) 


The only difference is now that u x =- 0.87c. 
(w'+v) (-0.87c + 0.61c) 

[l + ( 0.6l)( -0.87)" 


1 + 


v«„ 


= -0.55c 


The problem asks for the speed, which would be 


0.55c 


26. We assume that the given speed of 0.90c is relative to the planet that you are approaching. We take 
the positive direction in the direction that you are traveling. Consider your spaceship as reference 
frame S, and the planet as reference frame S'. The velocity of the planet relative to you is 
v = -0.90 c. The velocity of the probe relative to the planet is u' x = 0.95 c. Solve for the velocity of 
the probe relative to your spaceship, u x , using Eq. 36-7a. 

(m' v + v) (0.95c- 0.90c) 


1 + 


[l + (-0.90)( 0.95)] 


0.34c 


27. We set frame S' as the frame at rest with the spaceship. In this frame the module has speed 

«' = = 0.82c. Frame S is the frame that is stationary with respect to the Earth. The spaceship, and 

therefore frame S' moves in the .v-di recti on with speed 0.76c in this frame, or v = 0.76c. We use 
Eq. 36-7a and 36-7b to determine the components of the module velocity in frame S. Then using 
trigonometry we combine the components to determine the speed and direction of travel. 


», + v 

1 + vw' / c 2 


0 + 0.76c 
1 + 0 


= 0.76c 


2 / 2 

.—V C 


0.82cVl -0.76 2 


u = tJu; + « 2 = ^(0.76c) 2 + (0.533c) 2 = |o.93c 


1 + vu x / c 2 1 + 0 

„ , U y _! 0.533c 

6 - tan — = tan 

u, 0.76c 


= 0.533c 


35° 


28. 


The velocity components of the particle in the S frame are u x = u cos 0 and u v = iz sin 0. We find the 


components of the particle in the S' frame from the velocity transformations given in Eqs. 36-7a and 
36-7b. Those transformations are for the S' frame moving with speed v relative to the S frame. We 
can find the transformations from the S frame to the S' frame by simply changing v to -v and primed 
to unprimed variables. 


K+ v ) 

(i+K/c 2 ) 


K-~ v ) 

(l-viq/c 2 ) 



u y ^-v 2 lc 2 

(\-vu x /c 2 ) 
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».,a/ 1 -v 2 /V 



(l -vujc 2 ) 

1 u y yj\ -v 2 /c 2 u sin 9^1 1 - v 2 / c 2 

sin 9-yJl - v 2 c 1 

(f~ v ) 

(« v -v) («cost?-v) 

(cos 9-v/u) 

(l -vujc 1 ) 

1 



29. (a) 


(b) 


In frame S' the horizontal component of the stick length will be contracted, while the vertical 
component remains the same. We use the trigonometric relations to determine the x- and y- 
components of the length of the stick. Then using Eq. 36-3a we determine the contracted length 
of the x-component. Finally, we use the Pythagorean theorem to determine stick length in 
frame S'. 


qCos 9 ; l y 

= £ 0 sin 9 - l' y ; l' x = l x yf 

'l-v 2 /c 2 : 

o 

II _ 

+ 

II 

^ 0 2 cos 2 6 , (l-v 2 /c 2 ) + £ 0 

2 sin 2 9 = 



i 0 yjl-(vCOSd/ C y 


We calculate the angle from the length components in the moving frame. 

r . . _ a r a 


f 

9' - tan -1 — = tan 1 
£' 


£ 0 sin 9 


l 0 COS 9-yJl 


2 / 2 

-v c 


= tan 


tant? 




2/2 

-V C 


tan 1 (/ tant?) 


30. (a) 


(b) 

(c) 


We choose the train as frame S' and the Earth as frame S. Since the guns fire simultaneously in 
S' , we set these times equal to zero, that is t' A =t' R = 0. To simplify the problem we also set the 
location of gunman A equal to zero in frame S' when the guns were fired, x' A = 0. This places 
gunman B at x' B - 55.0m. Use Eq. 36-6 to determine the time that each gunman fired his 
weapon in frame S. 


=r 


u +■ 


vx 


' A 


c 2 / 


= r\ ° + 


vxO 

J 


= 0 


vx 


' A 


Y\ t B + 2 


2 

c J 


l-(35.0m/s/3.00xl0 8 m/s) 


0 + 


(35m/s)(55.0m) 
(3.00 xlO 8 m/s) 2 


= 2.14 x 10 14 s 


Therefore, in Frame S, A fired first! 


As found in part (a), the difference in time is |2. 14 x 10 


In the Earth frame of reference, since A fired first, [B was struck first| . In the train frame, A is 
moving away from the bullet fired toward him, and B is moving toward the bullet fired toward 
him. Thus B will be struck first in this frame as well. 


31 


We set frame S' as the frame moving with the observer. Frame S is the frame in which the two light 
bulbs are at rest. Frame S is moving with velocity v with respect to frame S'. We solve Eq. 36-6 for 
the time t' in terms of t, x, and v. Using the resulting equation we determine the time in frame S' that 
each bulb is turned on, given that in frame S the bulbs are turned on simultaneously at t A =t B - 0. 
Taking the difference in these times gives the time interval as measured by the observing moving 
with velocity v. 


x - y(x' + vt') — > x' vt' 

r 


f, vx') 
t+ — 

\=r 

"»'+4 

f A 

X , 

— - Vt 

= yf\ 

( 2 A 

1-4 

V c ) 


c 

\r ). 


l c J 


VX t' VX , I vx 

+ ^- = — + — -» t -y t - 


y c 


c 1 ) 
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*’a=Y 


r t ^ r 

l A 2 

C J 


: Y 


0- 


V 


vxO 

T~ 
c J 


= o ; t' B =y 


r vx B ^ ' 

t B 2 

C J 


: Y 


o-4 


V 


At' = t' - 1\ = 


vt 

-r-r 


According to the observer, |bulb B turned on first| . 



32. We set up the two frames such that in frame S, the first object is located at the origin and the second 
object is located 220 meters from the origin, so x A = 0 and x B = 220 m. We set the time when event 
A occurred equal to zero, so t A = 0 and t B = 0.80 jus. We then set the location of the two events in 
frame S' equal, and using Eq. 36-6 we solve for the velocity. 

x, -i„ 0-220m 


-» 


r{x A - vt . 4 ) = r{x B -vt B ) ; v = 


l A t,. 


0-0.88 jus 


2.5 x 10 8 m/s 


33. From the boy’s frame of reference, the pole remains at rest with respect to him. As such, the pole 
will always remain 12.0 m long. As the boy runs toward the bam, relativity requires that the 
(relatively moving) bam contract in size, making the bam even shorter than its rest length of 10.0 m. 
Thus it is impossible, in the boy’s frame of reference, for the bam to be longer than the pole. So 
according to the boy, the pole will never completely fit within the bam. 


In the frame of reference at rest with respect to the bam, it is possible for the pole to be shorter than 
the bam. We use Eq. 36-3a to calculate the speed that the boy would have to run for the contracted 
length of the pole, i, to equal the length of the barn. 

i = t 0 yll -v 2 /c 2 -> v = c^l-f/l 2 0 =Cyjl- (10.0 m) 2 /(l2.0 m) 2 = 0.5528c 

If persons standing at the front and back door of the bam were to close both doors exactly when the 
pole was completely inside the bam, we would have two simultaneous events in the barn’s rest frame 
S with the pole completely inside the bam. Let us set the time for these two events as t A = t B = 0. In 


frame S these two events occur at the front and far side of the bam, or at x A = 0 and x B = 10.0m. 
Using Eq. 36-6, we calculate the times at which the barn doors close in the boy’s frame of reference. 

' ' v *°)=0 


, I vx, 

f A=Y I t A y- 

c j 


Y 0 — 


2 

C J 


VX B 


\ 


h = Y\ t B — f 


2 

C J 


Vl-0.5528 2 


0- 


0. 5528(10. 0m) 


= -2.21 1 xl0“ s 


3.00 x10 s m/s 

Therefore, in the boy’s frame of reference the far door of the bam closed 22. 1 ns before the front 
door. If we multiply the speed of the boy by this time difference, we calculate the distance the boy 
traveled between the closing of the two doors. 

Ax -vt - 0.55 28(3.00 x 10 8 m/s)(2.211xl0“ 8 s) = 3.67 m. 


We use Eq. 36-3a to determine the length of the bam in the boy’s frame of reference. 

£ = £ 0> /l -v 2 /c 2 =(10.0 m) Vl - 0.5528 2 =8.33 m 

Subtracting the distance traveled between closing the doors from the length of the pole, we find the 
length of the bam in the boy’s frame of reference. 

Vie “ A* = 12 -° m-3.67 m = 8.33 m - f barn 

Therefore, in the boy’s frame of reference, when the front of the pole reached the far door it was 
closed. Then 22.1 ns later, when the back of the pole reached the front door, that door was closed. 
In the boy’s frame of reference these two events are not simultaneous. 
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34. The momentum of the proton is given by Eq. 36-8. 

mv (1.67 x 10“ 27 kg)(0.75)(3.00 x 10 8 m/s) 


p - ymv ■ 


f 


2/2 

-V C 


V 1 - (°- 75 ) 2 


5.7 x 10 l9 kg-m/s 


35. ( a ) We compare the classical momentum to the relativistic momentum. 

Pclassica ' mV =^\- v 2 /c 2 = ^/l-(0.10) 2 =0.995 


^relativistic 


mv 




2 / 2 

-v c 


m error. 


The classical momentum is about |— 0.5% | 

( b ) We again compare the two momenta. 

P “ mV - sj\-v 2 / c 2 - iJl-(0.60) 2 =0.8 


^relativistic 


mv 




2 / 2 

-v c 


The classical momentum is -20% 


m error. 


36. The momentum at the higher speed is to be twice the initial momentum. We designate the initial 
state with a subscript “0”, and the final state with a subscript “f ’. 


mv. 


Po 


~V f /c O 1 — Vf /c 2 

— — = 2 -> f — = 4 -> 


mv n 




2 ! c 2 


l-v 0 2 /c 2 


f 2 \ 

V f 

— 4 

(0.26c) 2 

1 2/2 
/1-Vf/c J 

*T 

1 — (0.26) 2 


= 0.29c 2 -» 


v? = 


0.29 

1.29 


c — >• v, = 


0.47c 


|37.| The two momenta, as measured in the frame in which the particle was initially at rest, will be equal 
to each other in magnitude. The lighter particle is designated with a subscript “1”, and the heavier 
particle with a subscript “2”. 

m,v, m,v, 

A =P 2 


yj^-vf/c 2 y]l-vl/c 2 




ffl, 


(l-vf/c 2 ) ^mj (l-v 2 2 /c 2 ) 
v, = Vo. 90 c - 0.95 c 


6.68 x 10~ 27 kg ^ 
1.67 x 10“ 27 kg 


(0.60c) 2 
1 — (0.60) 2 


= 9.0c 2 -» 


38. We find the proton’s momenta using Eq. 36-8. 

Po.45 


m p Vi 


m (0.45 c) 

— ~ 0.5039m p c ; p 0M 


m p v 2 


!_4 V 1 -^- 45 ) 


m (0.80c) 

pV W = 1.3333m c 

2 P 


!_A 


Po. s 


m p v 2 


m (0.98 c) 

pV '= = 4.9247m c 

2 P 


!_ V £ v 1 -! 0 - 98 ) 

2 
c 
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( a ) 

(b) 


f \ 

Pi- Pi 

f 

100 = 

{ Pi J 

V 

f \ 

f 

Pi- Pi 

100 = 

{ Pi J 

V 


1.3333/77 c — 0.5039777 c 

p p 

0.5039/?7 p c 

4.9247/77 p c - 1 ,3333/77 p c 
1.3333/77 p c 


100 = 164.6 « 160 % 


100 = 269.4 « 270% 


39. The rest energy of the electron is given by Eq. 36-12 
E = me 2 = (9.1 1 x 10' 31 kg)(3.00 x 10 8 m/s) 2 

(8.20 x 10“ 14 j) 


8.20 x 10 14 J 


(l .60 x 10“ 13 J/MeV) 


0.51 IMeV 


40. We find the loss in mass from Eq. 36-12. 

E (200MeV)(l.60xl0“ 13 J/MeV) 


777 — — — — ■ 
C 


(3.00 xlO 8 m/s) 2 


= 3.56xl0“ 28 kg « 4 x 10“ 28 kg 


41. We find the mass conversion from Eq. 36-12. 
E (8 x 10 19 J) 


c 2 (3.00 xlO 8 m/s) 2 


900 kg 


42. We calculate the mass from Eq. 36-12. 


777 : 


E__ J_ 
— ~ — 

c c 


(777c 2 ) ■ 


1 (1.6726 Xl0' 27 kg)(2.9979 xl0 8 m/s) 
c 2 (1.6022 x 10“ 13 J/MeV) 


938.2 MeV/c 


|43.| Each photon has momentum 0.50 MeV/c. Thus each photon has mass 0.50 MeV. Assuming the 
photons have opposite initial directions, then the total momentum is 0, and so the product mass will 
not be moving. Thus all of the photon energy can be converted into the mass of the particle. 


Accordingly, the heaviest particle would have a mass of 1.00 MeV/c 2 , which is 1.78x10 30 kg. . 


44. (a) The work is the change in kinetic energy. Use Eq. 36- 10b. The initial kinetic energy is 0. 

7,5 


W = AK = = (/ - 1) 


me 


1 


v/l-0.998 ; 


,-l 


(938.3 MeV) = 1.39 x 10 4 MeV 


13.9GeV 


(b) The momentum of the proton is given by Eq. 36-8. 

p = ymv = , 1 o (938.3MeV/c 2 )(0.998c) = 1.48 x 10 4 MeV/c = |l4.8GeV/c 


Vl-0.998 2 


45. We find the energy equivalent of the mass from Eq. 36-12. 
E = me 1 = (l.O x 10~ 3 kg)(3.00 x 10 8 m/s) 2 


9.0 x 10 3 J 


We assume that this energy is used to increase the gravitational potential energy. 
E = nigh E 


m 


9.0 x 10 13 J 


hg (l.O xlO 3 m )(9.80m/s 2 ) 


9.2 x 10 kg 
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46. The work is the change in kinetic energy. Use Eq. 36- 10b. The initial kinetic energy is 0. 

W\ — (t 0.90 _ ^) mc 5 W 2 — K 0 99c — K 0 90c — (t 0.99 ~ 0 mC — (Y 0.90 _ l) mc 

1 1 

w 2 = (ro.99- 1 )^ 2 -(/om-I)™ 2 r 0.99 Y 0.90 _ Vl - 0.99 2 Vl-0.90 2 _| 


(t 0.90 l)wtc T 0.90 1 

47. The kinetic energy is given by Eq. 36-10. 


1 


3.7 


Vl-0.90 2 


-1 


1 3 

K-(y-\)mc 2 =mc 2 — > y -2 = —. — > v = , — c ■ 

v/ ' ' r. 2 /j> v 4 


71 


0.866c 


-v /c 


48. The total energy of the proton is the kinetic energy plus the mass energy. Use Eq. 36-13 to find the 
momentum. 

2 


E = K + mc ; 

(pc) 2 =E 2 - (me 2 ) -(K + mc 2 ) -(me 2 ) -K 2 +2K(mc 2 ) 


pc = JK 2 + 2K(mc 2 ) =K.ll + 2— = (950MeV) /l + 2 938 - 3MeV =i638MeV 


950MeV 


p = 1638MeV/c « 1.6GeV/ 


^49. | We find the speed in terms of c. The kinetic energy is given by Eq. 36-10 and the momentum by Eq. 
36-8. 

(2.80 xlO 8 m/s) 


(3.00 xlO 8 m/s) 


K = (r- 1 ) 


p = ymv - 


mc 


= 0.9333c 
1 

Vl-0.9333 2 


-1 


(938.3MeV) = 1674. 6MeV 


1.67GeV 


Vl-0.9333 : 


,(938.3MeV/c 2 )(0.9333c) = 2439MeV/c» |2.44GeV/. 


50. We use Eq. 36-10 to find the speed from the kinetic energy. 

f \ 


K={r-\) 


me 2 


1 




r-1 


2 / 2 

v -v^-v/c y 


»7C' — > 


V — C 


1- 


( K 

2 

( 

2 +1 

1 


V mc 7 

\ 

V 


1 -- 


1 


1.25 MeV 
0.51 IMeV 


+ 1 


0.957c 


5 1 . Since the proton was accelerated by a potential difference of 125 MV, its potential energy decreased 
by 125 MeV, and so its kinetic energy increased from 0 to 125 MeV. Use Eq. 36-10 to find the 
speed from the kinetic energy. 

f \ 


r = (r- 1 ) 


me 


1 

vr-^ 2 / 




me 
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52. We let M represent the rest mass of the new particle. The initial energy is due to both incoming 
particles, and the final energy is the rest energy of the new particle. Use Eq. 36-1 1 for the initial 
energies. 

E = 2 {^ymc 2 ) = Me 2 — > M — 2ym - 

We assumed that energy is conserved, and so there was |no loss of energy) in the collision. 

The final kinetic energy is 0, so all of the kinetic energy was lost. 

^lost = ^initial =2(r-l)mc 2 = 




53. Since the electron was accelerated by a potential difference of 28 kV, its potential energy decreased 
by 28 keV, and so its kinetic energy increased from 0 to 28 MeV. Use Eq. 36-10 to find the speed 
from the kinetic energy. 



54. We use Eqs. 36-11 and 36-13 in order to find the mass. 

E 2 — p 1 c 1 + m 2 c 4 = ( K + me 2 ) = K 2 + 2 Kmc 2 + m 2 c 4 — > 

_ p 2 c 2 -K 2 _ (l21MeV/c)V -(45MeV) 2 
m ~ 2 Kc 2 ~ 2(45MeV)c 2 

The particle is most likely a probably a n" meson. 



55] ( a ) 


(b) 


Since the kinetic energy is half the total energy, and the total energy is the kinetic energy plus 
the rest energy, the kinetic energy must be equal to the rest energy. We also use Eq. 36-10. 

K =\E = + mc 2 ^ — > K — mc 2 

K = {y -l)mc 2 =mc 2 — > y - 2— ; 1 == — > v - = 0.866c 

Vl-v 2 /c 2 

In this case, the kinetic energy is half the rest energy. 

K = (y-l)mc 2 = \mc 2 — > y = \ = ; \ ; 0 ~ > v - sji c = 0.745c 

V !-v 2 /c 2 ’ ‘ 
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56. We use Eq. 36-10 for the kinetic energy and Eq. 36-8 for the momentum. 

~ r \ 




r =( r - 0 


2 

me = 




r~\ 


2 / 2 

V'V*- v / c J 


2 

777C 


I 


^8.15x 10 7 m/s^ 
3.00 xlO 8 m/s 


-1 


1- 

V V 


(938.3MeV) 


36.7 MeV 


p = ymv ■ 


mv 


1 mc 2 (yjc ) 1 


(938.3MeV) 


' J 


^ 8.15 x 10 7 m/s^ 


3.00 x10 s m/s 


1- 


A 8.15xl0 7 m/s A 
3.00 xlO 8 m/s 


265MeV/c 


Evaluate with the classical expressions. 


K c - \mv 2 - \mc 2 1 — 


1 


2 V 

/2 C = 777 V = — 777 C — 
C 


- 4(938. 3MeV) 
= (938.3MeV) 


^8.15xl0 7 m/s A 


v 3. 00x10 m/sy 
f Q .15 x 10 7 m/s^ 

= 255MeV/c 


= 34.6MeV 


3.00 x10 s m/s 


Calculate the percent error. 

erroq, = Kc ~ — x 100 = 34-6 ~ 36-7 x 100 = |-5.7% 


error, = 


K 

Po~P 


36.7 


x!00 = 255 265 x 100 = 1-3.8% 


265 


57. (a) The kinetic energy is found from Eq. 36-10. 


K = ( r - 1 ) 


2 

me = 


1 




r-l 


2/2 

vm*~ v l c j 


2 

me = 


Vl- 0 . 18 2 


-1 


(l.7xl0 4 kg)(3.00xl0 8 m/s) 2 


= 2.541 xl0 19 U 


2.5 x 10 19 J 


(. b ) Use the classical expression and compare the two results. 

K = >7V 2 = i(l.7 X 10 4 kg)[(0. 18)(3.00 x 10 8 m/s)] 2 = 2.479 x 10 19 J 

(2.479 x 10 19 j) - (2.541 x 10 19 j) 

% error = 7 ' v x 1 00 = -2.4% 


(2.541 xl0 19 j) 
The classical value is 2.4% too low. 


58. The kinetic energy of 998 GeV is used to find the speed of the protons. Since the energy is 1000 
times the rest mass, we expect the speed to be very close to c. Use Eq. 36-10. 




me 


1 

v\r~ v V c ~ j 




777 c~ — » 


V — c 


1- 


( K f 

2 

( 

2+1 

t 


V me J 

\ 

V 


1 -- 


1 


998 GeV 
0.938GeV 


+ 1 


= c(to 7 sig. fig.) 
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ymv _ ymv \ me 
rqv rq 


- 1 me 


998 GeV 
0.938GeV 


— 1 (1.673 xl0“ 27 kg)(3.00xl0 8 m/s) 

J ) 

(l.O x 10 3 m)(l.60 x 10 19 C) 



59. By conservation of energy, the rest energy of the americium nucleus is equal to the rest energies of 
the other particles plus the kinetic energy of the alpha particle. 

™Am c 2 = ( w Np + m a )c 2 + K a -> 

m N = m. - i n - =24 1.05682 u - 4.00260 u _ 5 ~ 5MeV f | = |237.04832u 

Np Am B c 2 c 2 l v 931.49MeV/c 2 J 


60. (a) For a particle of non-zero mass, we derive the following relationship between kinetic energy 
and momentum. 

E — K + mc 2 ; (pc)~ = E 2 -(me 2 ) = (x + «ic 2 ) —(me 2 ) -K 2 +2K^mc 2 ^ 

, . , -2mc 2 + J4(mc 2 ) +4 (pcY 


K 1 + 2K(mc 2 )-(pcy =0 -> K = V V 

For the kinetic energy to be positive, we take the positive root. 
-2mc 2 + J4(mc 2 ) 2 +4(pc) 2 2 r 2 , 2 


a= 1 = -me + \jymc j +{pc) 

If the momentum is large, we have the following relationship. 

K = -me 2 + yj(mc 2 y + (pc f « pc- me 2 

Thus there should be a linear relationship between kinetic energy and momentum for large 
values of momentum. 


If the momentum is small, we use the binomial expansion to derive the classical relationship. 





Thus we expect a quadratic relationship for 
small values of momentum. The adjacent 
graph verifies these approximations. 

( b ) For a particle of zero mass, the relationship is 
simply K - pc. See the included graph. The 
spreadsheet used for this problem can be 
found on the Media Manager, with filename 
“PSE4_ISM_CH36.XLS,” on tab “Problem 
36.60.” 
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\ All of the energy, both rest energy and kinetic energy, becomes electromagnetic energy. We use Eq. 
36-11. Both masses are the same. 


^totai = E i + E i = r^mc 2 + y 2 mc 2 = {y l +y 2 ) mc;2 = 
= 243.6 MeV » 1 240 Me V 


1 | 1 
/l -0.43 2 Vl-0.55 2 


(l05.7MeV) 


62. We use Eqs. 36-1 1 and 36-13. 

E — K + mc 2 ; {pc) = E 2 -(me 2 ) = ( K + mc 2 ) -(me 2 ) =K 2 +2K^mc 2 J 


_ V 

^K 2 + 2K ( 

p 

c 


63. (a) We assume the mass of the particle is m, and we are given that the velocity only has an x- 

component, u x . We write the momentum in each frame using Eq. 36-8, and we use the velocity 
transformation given in Eq. 36-7. Note that there are three relevant velocities: u x , the velocity 
in reference frame S; u' x , the velocity in reference frame S'; and v, the velocity of one frame 
relative to the other frame. There is no velocity in they or z directions, in either frame. We 

reserve the symbol y for . 1 =, and also use Eq. 36-11 for energy. 

^-v 2 /c 2 
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m (u x - v) _ a/| 

mu x mv 

[l ~u 2 Jc 2 ) ^(l-ul/c 2 ) 


J(l-v 2 /c 2 )(l-u 2 Jc 2 ) 

1 

* 

'cT' 

to 


mu x me 2 

v me v 



i 

CN ^ 

s 

1 

* 

in 

1 

% 

Px-vE/c 2 

vo-'’ 2 /- 2 ) 

JPVj 

V'-'W) 


It is obvious from the first few equations of the problem that 


Pv = P , 


(-0) and \p[ =/7,|(=0). 




me 


me 


me 




-»? c 1 


1- 


1 (» y - V ) 2 

c " f 1 -vujc 2 ) 2 


(l -vu x /c 2 ) 2 


( U x~ V ) 2 


\(\-vuJc 2 ) 2 (l -vujc 2 ) 


— VU v / c 

me 2 


mvtt 


mc~ (l-vujc 1 ^ 


( 


me —mvu 




(\-vuJc 2 ) - 


‘ (",-vf V(l-vVc 2 )(l-«l/c 2 ) ^/(1-vVc 2 ) 


E-p x v 


VI 1 -'’ 2 /- 2 ) 


(/;) We summarize these results, and write the Lorentz transformation from Eq. 36-6, but solved in 
terms of the primed variables. That can be easily done by interchanged primed and unprimed 
quantities, and changing v to -v. 


x = 


Px-vE/C 

x-vt 

Vfi-vV^ 2 ) 


lPy=Py ’P'y=Py ’ E ' = 


; y' = y ; z’ = z ; t' = 


E - p x v 
t - vx/c 2 

V '-' W ) 


These transformations are identical if we exchange p x withx, p with y, p„ with z, and E/c 2 
with t (or E/c with ct). 


64. The galaxy is moving away from the Earth, and so we use Eq. 36- 15b. 
/ o -/ = 0.0987/ a — » / = 0.9013/ o 

\2 " 


/ = /„ 


c-v 

C + V 


-> V = 


!-(///.) 


!+(///») 


''1-0.9013 1 ' 


c - 


1 + 0.9013 


c = 


0.1035c 


65. For source and observer moving towards each other, use Eq. 36-14b. 

/ = foM = foJ^T = (95.0MHz) = 226MHz : 


c-v 


'1 -VC 


1-0.70 


230 MHz 
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66. We use Eq. 36- 15a, and assume that v«c. 


A = A„ 


c + v 


c-v 


- A n 


jl + v/c 
1 1 - v/c 


=4, i+v/c) C 


2 / 2 ’ 

— V C 


■■ A 0 (l + v/c)(l- v 2 / c 2 ) « 2 0 (1 + v/c) - A 0 + A 0 v/c 




A — A 0 
A n 


A A v 

A n c 


\6l\ (a) We apply Eq. 36-14b to determine the received/reflected frequency/ Then we apply this same 
equation a second time using the frequency / as the source frequency to determine the Doppler- 
shifted frequency /'. We subtract the initial frequency from this Doppler-shifted frequency to 
obtain the beat frequency. The beat frequency will be much smaller than the emitted frequency 
when the speed is much smaller than the speed of light. We then set c - v « c and solve for v. 

r - r c + v c - c \ c + v - c l c + v jc + v _ f ( C + V 
J ~ J or J ~ J \ — Jo\ \ — Jo 


c-v 


c-v 


f _ f ,_ f _ f c + v f I c ~ v 

J beat J Jo Jo J 0 


c-v 


c-v v c-v 
^ 2v 


c-v 


= /o- 


c-v 


■fo 


c-v J 
2v 

— -> 


C /be 


2/ 0 


27.8m/s 


(3.00xl0 8 m/s)(6670Hz) 

2(36.0x10 9 Hz) 

(6) We find the change in velocity and solve for the resulting change in beat frequency. Setting 
the change in the velocity equal to 1 km/h we solve for the change in beat frequency. 


Av = 


cA / be 


-> 


A/beat 


2/ 0 2f 0 

2(36. Ox 10 9 Hz) (1 km/h) 


4/ eat = 


2/ 0 Av 


lm/s 


(3.00 x10 s m/s) 


3. 600 km/h 


70 Hz 


68. We consider the difference between Doppler-shifted frequencies for atoms moving directly towards 
the observer and atoms moving directly away. Use Eqs. 36-14b and 36- 1 5b. 


\f _ f c + v f l c ~ v - f 

A/ — Jo\ J 0\ — Jo 


c-v 


c + v 


c + v 


c-v 


c-v 
c + v 


= /o 


2v 


4c^ 


v-J 


\ J 

= /o 


2 v/c 




2 / 2 

-v c 


We take the speed to be the rms speed of thermal motion, given by Eq. 18-5. We also assume that 
the thermal energy is much less than the rest energy, and so 3 kT « me 2 . 


v = v„ 


3 kT 


m 


v 

c 


3 kT 


me 


- ^=2, 

/. 


3kTi 

2 3kT^ 

2 

-1/2 

2, 

h 

me 2 1 

v me J 



1 me 


We evaluate for a gas of H atoms (not H 2 molecules) at 550 K. Use Appendix F to find the mass. 


Af = 2| 

flkT _2 

3(l.38 x 10^ 23 J/K)(550K) 


2.5xl0“ 5 

fo N 

me 2 V 

(l.008u)(l.66x 10“ 27 kg/u)(3.00x 10 8 m/s) 2 
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69. At the North Pole the clock is at rest, while the clock on the equator travels the circumference of the 
Earth each day. We divide the circumference of the Earth by the length of the day to determine the 
speed of the equatorial clock. We set the dilated time equal to 2.0 years and solve for the change in 
rest times for the two clocks. 

2nR 2/r (6.38 x 10 6 m) 

v = = — - 464 m/s 

T (24hr)(3600s/hr) 

At ( 2 \ 

At - , Q,eq — — » A L - At^Jl-v 2 / c 2 « A t 1 + 

h 2/2 u ’ ec * 9 r 1 

VI -v /c V zc y 


At = — ^E2ll At = At 

L \fl 0 ^ *0,pole 


|^ 0 , eq -A^ pole =A t l + -r -At 

AC 


(2.0yr)(464 m/s) 2 (3.156xl0 7 s/yr) 
2(3.00xl0 8 m/s) 2 


70. We take the positive direction in the direction of the motion of the second pod. Consider the first 
pod as reference frame S, and the spacecraft as reference frame S'. The velocity of the spacecraft 
relative to the first pod is v = 0.60 c. The velocity of the first pod relative to the spacecraft is 

u’ x = 0.50c. Solve for the velocity of the second pod relative to the first pod, u x , using Eq. 36-7a. 
u. < 0 - 50c+060 9^ ie^i 


vO [l + ( 0.60)( 0.50)] 


71. We treat the Earth as the stationary frame, and the airplane as the moving frame. The elapsed time in 
the airplane will be dilated to the observers on the Earth. Use Eq. 36- la. 


> ^plane — ^Earth V 7 C ~ ' 




^ ^Earth ^plane 


1-Jl-v 2 


2 ^' E arth 1 - ^EarttT 

1 1 2 2 2 


■(6.38 x 10 6 m) 1300km/h 
(3.00 xlO 8 m/s) 


lm/s 

3.6km/h 


= 8.0xl(T 8 s 


72. (a) To travelers on the spacecraft, the distance to the star is contracted, according to Eq. 36-3a. 
This contracted distance is to be traveled in 4.6 years. Use that time with the contracted 
distance to find the speed of the spacecraft. 
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( b ) Find the elapsed time according to observers on Earth, using Eq. 36- la. 
^^spaceship 4.6 y 


^Earth 


f 


2/2 

-V C 


Vl -0-6829 2 


6.3y 


Note that this agrees with the time found from distance and speed. 




1 Earth 


4.3 ly 
0.6829c 


6.3yr 


[73. | (a) We use Eq. 36- 15a. To get a longer wavelength than usual means that the object is moving 
away from the Earth. 

(l.070 2 - 1) 


A — A„ 


c + v 


c-v 


= 1.070/1, -> 


(l.070 2 + 1) 


c-v- 0.067 c 


( b ) We assume that the quasar is moving and the Earth is stationary. Then we use Eq. 16-9b. 


/ = 


/o 


1 + v/c 


c c 
-» — = — 


A A n 


1 


1 + v/c 


— > A=A 0 (l + v/c)-1.070A 0 — » v — 


0.070c 


74. We assume that some kind of a light signal is being transmitted from the astronaut to Earth, with a 
frequency of the heartbeat. That frequency will then be Doppler shifted, according to Eq. 36-1 5b. 
We express the frequencies in beats per minute. 

,(/o 2 -/ 2 )_ (60 2 -30 2 ) 


j . r C-V 

f = foJ “> V = C 

c + v 


(/ 2 +/o 2 ) (60 2 +30 2 ) 


0.60c 


75. (a) The velocity components of the light in the S' frame are u' x = 0 and u' v - c. We transform those 
velocities to the S frame according to Eq. 36-7. 

<;W 


» v + V 
l + vw'/c 2 


0 + v 

= v ; u 

1 + 0 7 


«;,\/t-v 2 /c 2 cVT-v 2 /c 2 


1 + vu'Jc 2 


1 + 0 


■ c^\-v 2 /c 


1 

0 - tan 1 — = tan 

u. 


-i cfi 


2/2 

-V C 



1 2 

tan 1 , i 

K-i 

V 

v 2 


(b) u - ^ju; + u 2 - ^jv 2 +c 2 (l-v 2 /c 2 ) = Vv 2 + c 2 - v 2 = [c] 

(c) In a Galilean transformation, we would have the following. 

.( >c ) ; 


u x - u x + v = v ; u y - u y - c ; 




2 , 2 

V +C 


9 - tan 1 — 


76. We take the positive direction as the direction of motion of rocket A. Consider rocket A as reference 
frame S, and the Earth as reference frame S'. The velocity of the Earth relative to rocket A is 
v = -0.65 c. The velocity of rocket B relative to the Earth is w' = 0.85 c. Solve for the velocity of 
rocket B relative to rocket A, u x , using Eq. 36-7a. 

{it' x + v) (0.85c- 0.65c) 


vO [l + (-0.65)( 0.85)] 


0.45c 


1 + - 


Note that a Galilean analysis would have resulted in u x - 0.20c. 
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77. (a) We find the speed from Eq. 36-10. 


K = (r- 1 ) 


me 2 


1 




r-1 


2 / 2 

vv^-v/c , 


777C 2 = 14,000mc 2 — > 


V = c. 1 — 


1 


14,001 


c 

! C 

2 


1 


\ 2 


f 


c- v - — 
2 


1 


V 14, 00 1 
(3.00 x10 s m/s) 


-» 


f 1 ^ 


14,001 


0.77 m/s 


, v 14,001, 

(/;) The tube will be contracted in the rest frame of the electron, according to Eq. 36-3a. 


i 0 = tjl-v 2 /c 2 = (3.0 x 10 3 m) 


1- 


1- 


' 1 ^ 

14,001 


0.21m 


78. The electrostatic force provides the radial acceleration. We solve that relationship for the speed of 
the electron. 

2 ..2 


l^e 


, = F 

electrostatic centripetal 


' 4 ^0 


-» 


1 g _ W electron V " 


4 ns 0 r 


-» 


(8.99 x 10 9 N • m 2 /c 2 ) 

I (l .60 x 10“ 19 C) 2 

9.1 1 x 10“ 31 kg 

(0.53 x 10 _1 °m) 


= 2.18 x 10 6 m/s = 0.0073 c 


Because this is much less than 0.1c, the electron is not relativistic 


|79.| The minimum energy required would be the energy to produce the pair with no kinetic energy, so the 
total energy is their rest energy. They both have the same mass. Use Eq. 36-12. 


E = 2mc 2 = 2(0.51 lMeV)= 1.022 MeV (l.64 x 10 -13 j) 


80. The wattage times the time is the energy required. We use Eq. 36-12 to calculate the mass. 

(75 W)(3.16 x 10 7 s) | 


2 Pt 

E - Pt- me — > m = — = - 


(3.00xl0 8 m/s) 


^ 1000g A 

lkg 


2.6 x 10“ 5 g 


81. Use Eqs. 36-13, 36-8, and 36-1 1. 

t- 2 22, 24 v rr ( 2 2, 24\ 

E = p c +m c — > E = \p c +m c I 


1/2 


dE 


2 _ pc 2 _ pc 2 _ ymvc 2 


ar , . / 22 2 4 \ -l/ - ^ 

= y( p~c~ +m~c ) 2 pc , 

dp 2y ’ EE ymc 1 


= 0 


82. The kinetic energy available comes from the decrease in rest energy. 

K = m n c 2 - [m v c 2 + m e c 2 + m v c 2 ) = 939.57 MeV - (938.27 MeV + 0.511 MeV + 0) = 


0.79 MeV 


83. (a) We find the rate of mass loss from Eq. 36-12. 


E = me 2 

-> A E 

ll 

i 

Am 1 | 


4 x 10 26 J/s 


v A t J | 

(3.00 x10 s m/s) 2 


= 4.44 xlO 9 kg/s® 4xl0 9 kg/s 
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{b) Find the time from the mass of the Sun and the rate determined in part (a). 

(5.98xl0 24 kg) 


At = - WEarth 


= 4.27 x!0 7 y®4xl0 7 y 


Am/ At (^4.44 x 10 9 kg/s)(3.156 x 10 7 s/y) 

(c) We find the time for the Sun to lose all of its mass at this same rate. 

(l.99xl0 3 °kg) 


At — ™ Sun - 


Am/ At (4.44 x 10 9 kg/s) (3. 156 x 10 7 s/y) 


= 1.42 x 10 y ® 1 x 10 y 


84. Use Eq. 36-8 for the momentum to find the mass. 

mv 

p = ymv = 




2/2 

-V C 


m ■ 


pjl-v 2 /c 2 


(3.07 x 10“ 22 kg*m/s) jl- 


^ 2.24 xlO 8 m/s V 


3.00 xlO 8 m/s 


2.24 xlO 8 m/s 


= 9.12x10 3l kg 


This particle has the mass of an electron, and a negative charge, so it must be an |electron| 


85.| The total binding energy is the energy required to provide the increase in rest energy. 
E = [(2m p+e + 2m n ) - m He ]c 2 

931.5MeV/c 2 


= [2(l.00783u) + 2(l.00867u) - 4.00260u]r 


28.32 MeV 


86. The momentum is given by Eq. 36-8, and the energy is given by Eq. 36-11 and Eq. 36-13. 


P - ymv ■■ 


ymcv Ev 


-» V : 


2 

pc 


E 



pc' 


, 24 . 22 

m c + p c 


pc 


I 2 2 , 2 

sjm c + p 


87. (a) The magnitudes of the momenta are equal. We use Eq. 36-8. 

mv _ 1 me 2 (v/c) _ 1 (938.3MeV)(0.985) 


p - ymv ■ 


^l-v 2 /c 2 cJi-S/c 2 c Vl- 0.985 

lc 


■ 5356MeV/c 


5.36G eV/c =(5.36GeV/c) 


^ f 1 .602 x 1 0“ 10 J/ GeV ^ 


3.00 xlO 8 m/s 


lGeV 


2.86 x 10 18 kg*m/s 


(. b ) Because the protons are moving in opposite directions, the vector sum of the momenta is |_0j 
(c) In the reference frame of one proton, the laboratory is moving at 0.985c. The other 

proton is moving at + 0.985c relative to the laboratory. We find the speed of one proton 
relative to the other, and then find the momentum of the moving proton in the rest frame of the 
other proton by using that relative velocity. 

(v + <) [0.985c + (0.985c)] 


l + v <) [l + (0.985)(0.985)] 


s 0.9999c 
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p = ymu x 


(938.3MeV)f 2 (°~ 985 ) 
1 mc 2 (ujc) _ 1 V \l + 0.985 2 


l-tC/c 2 c Jl-u 2 /c 2 c 


i ( 2(0.985) 
” 1 + 0.985 2 


= (62.1GeV/c) 


3.00 xlO 8 m/s 


= 3.31x10 l7 kg*m/s 


= 62081MeV/c 


1.602 xlQ~ 10 J/GeV 
lGeV 


i. We find the loss in mass from Eq. 36-12. 


A E 
Am = — = ■ 


484 x 10 3 J 


■= 5.38 x 10“ 12 kg 


c ~ (3.00 x 10 8 m/s) 

Two moles of water has a mass of 36 x 10~ 3 kg. Find the percentage of mass lost. 
5.38 x 10~ 12 kg =lA9x 10 _ 10 = h.5 x 10 - 8 %| 

36xl0~ 3 kg 


89. Use Eq. 36-10 for kinetic energy, and Eq. 36-12 for rest energy. 

K = (r~ 1 ) ^Enterpriser = ^converted^ “> 


I y—j y ^ ^ Enterprise 

/I — V c~ 


/ 1 - 0 . 10 2 


1 (6 x 10 9 kg) = [3 x 10 7 1 


90. We set the kinetic energy of the spacecraft equal to the rest energy of an unknown mass. Use Eqs. 
36-10 and 36-12. 


E-{y~ 1) w ship c 2 = me 2 


= {r~ 1 ) 


OT ship = 


r 2/2 1 m shi P 

1-v c 


/1-0.70 2 


1 (l.8 x 10 5 kg) = |7.2 x 10 4 kg 


From the Earth’s point of view, the distance is 35 ly and the speed is 0.70 c. That data is used to 
calculate the time from the Earth frame, and then Eq. 36- la is used to calculate the time in the 
spaceship frame. 

Af = -= =50y ; At, = Atjl -v 2 /c 2 = (50y)Vl -0.70 2 =^6y 


91. We assume one particle is moving in the negative direction in the laboratory frame, and the other 
particle is moving in the positive direction. We consider the particle moving in the negative 
direction as reference frame S, and the laboratory as reference frame S'. The velocity of the 
laboratory relative to the negative-moving particle is v = 0.85 c, and the velocity of the positive- 
moving particle relative to the laboratory frame is u x = 0.85c. Solve for the velocity of the positive- 
moving particle relative to the negative-moving particle, u x . 
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92. We consider the motion from the reference frame of the spaceship. The passengers will see the trip 
distance contracted, as given by Eq. 3 6-3 a. They will measure their speed to be that contracted 
distance divided by the year of travel time (as measured on the ship). Use that speed to find the work 
done (the kinetic energy of the ship). 

_ i _l 0 fi 


A L 


2 / 2 

i — V /c V 


AT 


1 + 


1 

^ c At, ^ 

V J 


1 


f 

.1 

! 

i + 

f 10ly 

2 ^ 


= 0.9887c 


6.6 ly 


W = AK=(y-l)mc 2 = 


f 


2 / 2 

-vc 


-1 


me 


i (/? ? vin 4 UfT)(/? nn vin 8 m/c ) 2 - 

1.6 x 10 22 J 


1 J. 1 1 .Z- A V/ II . V/ V/ 4' J.V/ 111/ O 1 j 

1- 0.9887 2 ) 



93. The kinetic energy is given by Eq. 36-10. 

f \ 


r = (r- 1 ) 


me 


1 


f 


ill 

-v c 


r-1 


me 


Vh°- 98 ) : 


r-1 


(14,500kg)(3.00xl0 8 m/s) 2 


5.3 x 10 21 J 


We compare this with annual U.S. energy consumption: 
The spaceship’s kinetic energy is over 50 times as great. 


5.3 x IQ 21 J 
10 20 J 


= 53. 


94. The pi meson decays at rest, and so the momentum of the muon and the neutrino must each have the 
same magnitude (and opposite directions). The neutrino has no rest mass, and the total energy must 
be conserved. We combine these relationships using Eq. 36-13. 


E v = {Pv 


2 2 , 24 

C + M„ C 


r- 


pf ; Pu = p v =p 


E „= E „ + E v -> "fc 1 = (p/c 1 + m f° 4 f~ + Pv c - ( P 2 c 2 + m/c* ) 1/_ + pc -> 


2 / 2 2 , 2 4 \ 

m u c - pc - yp c + m u c ) 
Solve for the momentum. 


1/2 


-» 


( 2 \ 2 t 2 2, 2 4 \ 

[m K c -pc) =[p c +m M c j 


2 4 r* 2 2 2 2 2 24 m n C m fl C 

m n c - 2m n c pc + pc=pc+mc —> pc = ■ 


" ' J 2m 

n 

Write the kinetic energy of the muon using Eqs. 36-11 and 36-13. 

K fl = E fl - ; E „ = E * ~ E v = m . c2 ~p c -> 


K M=( m , C 2 -pc) 


m K c - pc - m e = m,c - m e 


t 22 22' 

\m c -me 

\ n r > 


2m, 


2m x ( 


2 2 

mx -m^c 


) K 


2 2 2 2 

c -m u c 


) 


2 m 2m, 

Jt 7t 

[2m, 2 - 2 m„m, - m, 2 + m 2 )c 2 (m, 2 - 2m„m, + m 2 )c 2 

\ 7t /t 71 7Z fl J \ n /J 7T H ) 


2m, 


2m, 


(m K -m M )~ c 2 
2m, 
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95. ( a ) The relative speed can be calculated in either frame, and will be the same value in both frames. 
The time as measured on the Earth will be longer than the time measured on the spaceship, as 
given by Eq. 36- la. 


Ary 


v = - 


A U 


At*. = 


_ ^spaceship _ 


At, 


spaceship 


’ ^ Earth 




2/2 

-V C 


l- 


6 Ar V 

^ Earth 
V C A tparth J 




(At ) 2 J ^Earth 

Earth ) 


(^spaceship) “ ^ (^Earth) f l (^spaceship) 


Ax 

A f _ || ^Earth 


+ (A^ spaceship ) 2 = v/(6.0y) 2 +(2.50y) 2 - [6^ 


(b) The distance as measured by the spaceship will be contracted, 
v 


^Earth _ spaceship ^ 


At|:.arih ^^spaceship 


spaceship 


^ ^spaceship = ( 6 . 01 y) = |2.31y 


At* 


‘'Earth 6.5 y 

This is the same distance as found using the length contraction relationship 


96. (a) To observers on the ship, the period is non-relativistic. Use Eq. 14-7b. 

r . 2,5=2, rr^r 


0.939s 


' (84.2 N/m) 

( b ) The oscillating mass is a clock. According to observers on Earth, clocks on the spacecraft run 
slow. 

T _ (0.939s) 


T = 

1 Earth 


V 1 - v 7c 2 Jl-(0.900) 2 


2.15s 


97. We use the Lorentz transformations to derive the result. 


x-y(x' + vt') — > Ax - y (Ax' + vAt') ; t = y\t' + ^~ — > At - y[ At' + ^-^~ 

c J V c J 


(cAt)" - (Ax) 2 


f , vAx'^ 
cy\ At + — — 

ii 

< 

> 

+ 

i k 
i 

i 

rr A , vAx'YI 

cAt + 

V c " ) 

J 

V c ) 


-(Ax' + vAt') 


2 2 / a ,\2 „ . ,vAx' ( vAx'^1 

= y \ c (At ) + 2c At' + 

eye) 


1 


(l-v 2 /c 2 ) 

1 

1 2 / 2 

1-v /c 

(1-vVc 2 ) 

(l-v 2 /c 2 ) 


-1 


(c 2 -v 2 )(AT) 2 
c 2 (l - v 2 /c 2 ) ( A?') 2 - (l - v 2 /c 2 ) ( Ax') 
(cA?')~ - (Ax') 2 1 = (cAt')~ ~ ( Ax')" 


- (Ax')" - 2 Ax'vAt' - (vAt') 2 
(Ax') 2 } 
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98. We assume that the left edge of the glass is even with point A when the flash of light is emitted. 

There is no loss of generality with that assumption. We do the calculations in the frame of reference 
in which points A and B are at rest, and the glass is then moving to the right with speed v. 


t n — t \ "1 ~ t 

v=0 glass vacuum 


d l-d 
— + 


v glass 


If the glass is not moving, we would have this “no motion” result. 

distance in glass distance in vacuum 
speed in glass speed in vacuum 

d + l-d _nd + i-d _nd + l-d _H + (n-\)d 
cjn c c c c c 

If the index of refraction is n = 1, then the glass will have no effect on the light, and the time would 
simply be the distance divided by the speed of light. 


t , — t | t 

n = 1 glass vacuum 


distance in glass distance in vacuum _d ^l-d _d + l-d _l 


speed in glass speed in vacuum c c c c 

Now, let us consider the problem from a relativistic point of view. The speed of light in the glass 
will be the relativistic sum of the speed of light in stationary glass, cjn , and the speed of the glass, v, 
by Eq. 36-7a. We define fd to simplify further expressions. 


c c 

— + V h V 

_ n _ n 


night 

in glass j _j_ 


CV 


1 + 


V 


1 + 


vn 


nc 


nc 


1+A- 

nc 




P = 


1 + 


vn 


l + ± 


nc 


The contracted width of the glass, from the Earth frame of reference, is given by Eq. 36-3a. 

d 


moving 

glass 


= d^jl-v 2 / c 1 = 


r 


We assume the light enters the block when the left edge of the block is at point A, and write simple 
equations for the displacement of the leading edge of the light, and the leading edge of the block. Set 
them equal and solve for the time when the light exits the right edge of the block. 

, c 


■fright — fright 


t — jd — t 

in glass Tl 


d 

fright =~ + vt 

edge Y 


fright — fright 
edge 


„ c d 

P- t s u ss -— + vt , 

n y 


glass 


t , = 

glass 


d 


y (fdc-nv) 


glass Y{jdc-nv ) 

expression - for the leading edge of the light, or the leading edge of the block. 


Where is the front edge of the block when the light emerges? Use f glass = 

or the 
jded 

fded 


with either 




_ c d 

'light 

II 

= /d — 


in glass 

n y 


d 

d 

right 

~ ~ l ~ V ^glass 

= — + V- 

edge 

r 

y 


n d (jdc-nv) + vdn 


fded 


The part of the path that is left, £ - - 

Y(Jdc-nv) 

that time, and then find the total time. 
fded 


will be traveled at speed c by the light. We express 


£- 


y{jdc-nv ) 
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hotal Cl 


_ _ d n 

^vacuum Class In \ 

y [Pc-nv) 


l- 


+ - 


pcd 

y [Pc-nv) _ £ d n-fi 


c y [Pc-nv) 


£ [n-\)d 

c c 


c-v 


c + v 


i [n-\)d jc-v _ £ [n -\)d jc-c _ £ 


We check this for the appropriate limiting cases. 
Case 1 


Case 2: 


Case 3 : 


C>tal ,, , 

v=c C C \ C + V C C Vc + C c 

This result was expected, because the speed of the light would always be c. 
£ [n-\)d jc-v £ [n — l)d, , t + [n-l)d 

hotai _ — \ ' _ — "* 0) _ 

y =0 c c V c + v c c c 

This result was obtained earlier in the solution. 

[n - 1 )d jc-v _ £ 
c 


hotal 


C + V 


This result was expected, because then there is no speed change in the glass. 


99. The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH36.XLS,” on 
tab “Problem 36.99.” 



v/c 


100. (a) We use Eq. 36-98. Since there is motion in two dimensions, we have y = 


1 


F = -fj = ^ ; &- = 0 

dt dt 


M4 

V c c 

p =ymv x =p 0 ; -t^ = -F -> p = -Ft = ymv 
dt 


dp 


Use the component equations to obtain expressions for v 2 x and v 2 


ymv x = p 0 -> v x — 


P 0 
ym 


r 


.2 VI 2 


y m m 


.2 \ 


i_4_W 
1 2 

v c c y 


2/2 


T, -Ft 2 FY Ft 

ymv,, = -It —> v„- — > v - 


I 


ym 


' y 2 2 

y m 


m 


v v„ 

1 _ 

1 2 2 
v c c y 


v 2 2 
-> V x = p 0 


.2 A 


( c2 ~ V v) 

[m 2 c 2 +pl) 


2 r'l ,2 

v=Ft 

y 


( c2 ~ v - 2 ) 

[m 2 c 2 + F 2 t 2 ) 


Substitute the expression for v 2 into the expression for v 2 . 
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2 2 ( C2 “ V > 2 ) 2 V 

U = p 0 tT = Pi’ - 


2 772.2 

c - F t 


(mV+FV) 


) 2 

- = /V 


/ 2 4 , 772,2 2 \ 

1772 C +F t V x I 


/ 2 2 , 2 \ ^0 / 22 , 2 \ ^0/22, 2 \ / 2 2 , 772 .2 \ 

I 772 C + I I 772 C + p 0 ) I 772 C + f 0 11 772 C + 1 t I 

V 2 (772V + Po 2 )(777 2 C 2 + F¥) = p 2 ( 777V +F¥v 2 ) -> 

2 4 4. 2 2 2 2. 2/72.2 2 2 . 2/72.2 2 2 2 4. 2 /72.2 2 

V r 7?7 C +V t 772 C j9 0 + V r F t 777 C + V,F t p 0 = p 0 m C + p 0 F t V x ~> 


v 2 x m 2 c 2 + v 2 x pl + v 2 F¥ - p\c 2 


v,. = ■ 


Po c 


(m 2 c 2 + p 2 Q + F¥) 


Use the expression for v x to solve for v . 


2 772.2 

v„ = F t 

y 


= F 2 t 2 


( c2 ~ v2 ) 
^777 2 C 2 + F¥) 


= F 2 t 2 


2 

c - 


2 2 

p 0 c 


{m 2 c 2 + pi + F¥) 
(m 2 c 2 + F¥) 


(c 2 ( m 2 c 2 + p 2 0 + F 2 t 2 ) - p\c 2 ) 

(772 V + F¥) (772 V + /7 2 + F¥)^' 1 (777 2 C 2 +F¥)(772V+ i ? 2 +F¥) 


= f¥ 


C 2 ( 772 2 C 2 +F¥) 




-Ftc 


V .v = 


(772V + J p 2 +F¥) I/2 


The negative sign comes from taking the negative square root of the previous equation. We 
know that the particle is moving down. 


(. b ) See the graph. We are 
plotting v x /c and ~v y /c. 

The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH36.XLS,” on 
tab “Problem 36.100.” 



(c) The path is not parabolic, because the v x is not constant. Even though there is no force in the x- 
direction, as the net speed of the particle increases, y increases. Thus v x must decrease as time 
elapses in order for p x to stay constant. 
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CHAPTER 37: Early Quantum Theory and Models of the Atom 
Responses to Questions 

[f] A reddish star is the coolest, followed by a whitish-yellow star. Bluish stars have the highest 

temperatures. The temperature of the star is related to the frequency of the emitted light. Since red 
light has a lower frequency than blue light, red stars have a lower temperature than blue stars. 

2. The energy radiated by an object may not be in the visible part of the electromagnetic spectrum. The 
spectrum of a blackbody with a temperature of 1000 K peaks in the IR and the object appears red, 
since it includes some radiation at the red end of the visible spectrum. Cooler objects will radiate 
less overall energy and peak at even longer wavelengths. Objects that are cool enough will not 
radiate any energy at visible wavelengths. 

3. The lightbulb will not produce light as white as the Sun, since the peak of its emitted light is in the 
infrared. The lightbulb will appear more yellowish than the Sun, which has a spectrum that peaks in 
the visible range. 

4. A bulb which appears red would emit very little radiant energy at higher visible frequencies and 
therefore would not expose black and white photographic paper. This strategy would not work in a 
darkroom for developing color photographs since the photographic paper would be sensitive to light 
at all visible frequencies, including red. 

5. If the threshold wavelength increases for the second metal, then it has a smaller work function than 
the first metal. Longer wavelength corresponds to lower energy. It will take less energy for the 
electron to escape the surface of the second metal. 

6. According to the wave theory, light of any frequency can cause electrons to be ejected as long as the 
light is intense enough. A higher intensity corresponds to a greater electric field magnitude and more 
energy. Therefore, there should be no frequency below which the photoelectric effect does not 
occur. According to the particle theory, however, each photon carries an amount of energy which 
depends upon its frequency. Increasing the intensity of the light increases the number of photons but 
does not increase the energy of the individual photons. The cutoff frequency is that frequency at 
which the energy of the photon equals the work function. If the frequency of the incoming light is 
below the cutoff, the electrons will not be ejected because no individual photon has enough energy 
to impart to an electron. 

[F] Individual photons of ultraviolet light are more energetic than photons of visible light and will 

deliver more energy to the skin, causing bums. UV photons also can penetrate farther into the skin, 
and, once at the deeper level, can deposit a large amount of energy that can cause damage to cells. 

8. Cesium will give a higher maximum kinetic energy for the electrons. Cesium has a lower work 
function, so more energy is available for the kinetic energy of the electrons. 

9. (a) No. The energy of a beam of photons depends not only on the energy of each individual photon 

but also on the total number of photons. If there are enough infrared photons, the infrared beam 
may have more energy than the ultraviolet beam. 

(. b ) Yes. The energy of a single photon depends on its frequency: E = hf Since infrared light has a 
lower frequency than ultraviolet light, a single IR photon will always have less energy than a 
single UV photon. 
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10 . 


11 . 


12 . 


13. 


14. 


15. 

16. 


17. 

18. 


19. 


Fewer electrons are emitted from the surface struck by the 400 nm photons. Each 400 nm photon has 
a higher energy than each 450 nm photon, so it will take fewer 400 nm photons to produce the same 
intensity (energy per unit area per unit time) as the 450 nm photon beam. The maximum kinetic 
energy of the electrons emitted from the surface struck by the 400 nm photons will be greater than 
the maximum kinetic energy of the electrons emitted from the surface struck by the 450 nm photons, 
again because each 400 nm photon has a higher energy. 

(a) In a burglar alarm, when the light beam is interrupted (by an intruder, or a door or window 
opening), the current stops flowing in the circuit. An alarm could be set to go off when the 
current stops. 

( b ) In a smoke detector, when the light beam is obscured by smoke, the current in the circuit would 
decrease or stop. An alarm could be set to go off when the current decreased below a certain 
level. 

(c) The amount of current in the circuit depends on the intensity of the light, as long as the 
frequency of the light is above the threshold frequency. The ammeter in the circuit could be 
calibrated to reflect the light intensity. 

Yes, the wavelength increases. In the scattering process, some of the energy of the incident photon is 
transferred to the electron, so the scattered photon has less energy, and therefore a lower frequency 
and longer wavelength, than the incident photon. (E = hf= he/)..) 

In the photoelectric effect the photon energy is completely absorbed by the electron. In the Compton 
effect, the photon is scattered from the electron and travels off at a lower energy. 

According to both the wave theory and the particle theory the intensity of a point source of light 
decreases as the inverse square of the distance from the source. In the wave theory, the intensity of 
the waves obeys the inverse square law. In the particle theory, the surface area of a sphere increases 
with the square of the radius, and therefore the density of particles decreases with distance, obeying 
the inverse square law. The variation of intensity with distance cannot be used to help distinguish 
between the two theories. 

The proton will have the shorter wavelength, since it has a larger mass than the electron and 
therefore a larger momentum (T = /*/ p). 

Light demonstrates characteristics of both waves and particles. Diffraction and interference are wave 
characteristics, and are demonstrated, for example, in Young’s double-slit experiment. The 
photoelectric effect and Compton scattering are examples of experiments in which light 
demonstrates particle characteristics. We can’t say that light IS a wave or a particle, but it has 
properties of each. 

Electrons demonstrate characteristics of both waves and particles. Electrons act like waves in 
electron diffraction and like particles in the Compton effect and other collisions. 

Both a photon and an electron have properties of waves and properties of particles. They can both be 
associated with a wavelength and they can both undergo scattering. An electron has a negative 
charge and a rest mass, obeys the Pauli exclusion principle, and travels at less than the speed of 
light. A photon is not charged, has no rest mass, does not obey the Pauli exclusion principle, and 
travels at the speed of light. 

Opposite charges attract, so the attractive Coulomb force between the positive nucleus and the 
negative electrons keeps the electrons from flying off into space. 
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20. Look at a solar absorption spectrum, measured above the Earth’s atmosphere. If there are dark 

(absoiption) lines at the wavelengths corresponding to oxygen transitions, then there is oxygen near 
the surface of the Sun. 


21. At room temperature, nearly all the atoms in hydrogen gas will be in the ground state. When light 
passes through the gas, photons are absorbed, causing electrons to make transitions to higher states 
and creating absoiption lines. These lines correspond to the Lyman series since that is the series of 
transitions involving the ground state or n = 1 level. Since there are virtually no atoms in higher 
energy states, photons corresponding to transitions from n > 2 to higher states will not be absorbed. 

22. The closeness of the spacing between energy levels near the top of Figure 37-26 indicates that the 
energy differences between these levels are small. Small energy differences correspond to small 
wavelength differences, leading to the closely spaced spectral lines in Figure 37-21. 

23. There is no direct connection between the size of a particle and its de Broglie wavelength. It is 
possible for the wavelength to be smaller or larger than the particle. 


24. On average the electrons of helium are closer to the nucleus than the electrons of hydrogen. The 
nucleus of helium contains two protons (positive charges), and so attracts each electron more 
strongly than the single proton in the nucleus of hydrogen. (There is some shielding of the nuclear 
charge by the second electron, but each electron still feels the attractive force of more than one 
proton’s worth of charge.) 


£5 


The lines in the spectrum of hydrogen correspond to all the possible transitions that the electron can 
make. The Balmer lines, for example, correspond to an electron moving from all higher energy 
levels to the n = 2 level. Although an individual hydrogen atom only contains one electron, a sample 
of hydrogen gas contains many atoms and all the different atoms will be undergoing different 
transitions. 


26. The Balmer series spectral lines are in the visible light range and could be seen by early 
experimenters without special detection equipment. 

27. The photon carries momentum, so according to conservation of momentum, the hydrogen atom will 
recoil as the photon is ejected. Some of the energy emitted in the transition of the atom to a lower 
energy state will be the kinetic energy of the recoiling atom, so the photon will have slightly less 
energy than predicted by the simple difference in energy levels. 

28. No. At room temperature, virtually all the atoms in a sample of hydrogen gas will be in the ground 
state. Thus, the absorption spectrum will contain primarily just the Lyman lines, as photons 
corresponding to transitions from the n = 1 level to higher levels are absorbed. Hydrogen at very 
high temperatures will have atoms in excited states. The electrons in the higher energy levels will 
fall to all lower energy levels, not just the n = 1 level. Therefore, emission lines corresponding to 
transitions to levels higher than n = 1 will be present as well as the Lyman lines. In general, you 
would expect to see only Lyman lines in the absoiption spectrum of room temperature hydrogen, but 
you would find Lyman, Balmer, Paschen, and other lines in the emission spectrum of high- 
temperature hydrogen. 
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Solutions to Problems 

In several problems, the value of he is needed. We often use the result of Problem 96, he = 1 240eV«nm. 


[T] We use Wien’s law, Eq. 37-1. 

(2.90xl(T 3 m-K) (2.90 x 10' 3 m-K) 

= 1.06xl0 _5 m = 

(273 K) 


(a) A p = - 


T 


10.6//m 


This wavelength is in the | far infrared.| 


(2.90xl0“ 3 m-K) (2.90 x lO^m-K) 

(h) T p =- '- = 1 : = 8.29 x 10“ 7 m = 


T 


(3500 K) 


829 nm 


This wavelength is in the | infrared.| 
(c) A p = 


(2.90xl0“ 3 m-K) (2.90 x 10 3 m-K) 


T (4.2K) 

This wavelength is in the 


= 6.90 x 10 4 m = 


0.69 mm 


(d) A p - 


(2.90x10 3 m-K) (2.90 x 10“ 3 m-K) 


T (2.725 K) 

This wavelength is in the 


microwave region. 

= 1.06 x 10“ 3 m = 


1.06 mm 


microwave region. 


2. We use Wien’s law to find the temperature for a peak wavelength of 460 nm. 
(2.90xl0 _3 m-K) (2.90 x 10' 3 m-K) 


T = 


A„ 


(460xl0‘ 9 m) 


6300 K 


3. Because the energy is quantized according to Eq. 37-2, the difference in energy between adjacent 
levels is simply E = nhf 

A E = hf = (6.63 x10 _34 J«s)(8.1x10 13 Hz) = [ 


5.4 x 10“ 2O J = 0.34eV 


4. We use Eq. 37-1 with a temperature of 98° F = 37° C = 310K. 
(2.90 xl0~ 3 m»K) (2.90 x 10~ 3 m*K) 


Ap — ■ 


(310K) 


= 9.4x10 m = 


9.4 //m 


5. (a) Wien’s displacement law says that ApT - constant. We must find the wavelength at which 

l(A,T ) is a maximum for a given temperature. This can be found by setting dl/dA - 0. 


dl _ d 
dA 8A 


2/rhc 2 A 

hc/AkT 7 

e -1 


= 27zhc' 1 — 
dA 


A 


-5 V 


hc/AkT 1 

e -1 


= 2/Z-/7C" 


(e /,c/ " r -l)(-5i' 6 )-T 


. -5 hc/AkT 

-A e 


he ^ 
kTA 2 


( hc/AkT -,\ 2 

(e -1) 


2 Tchc 2 


A 6 (e hcUkT -\)l 


c , hc/AkT ( he 

5 + e 5 

= 0 

, C hc/AkT fc he 

— » 5 = e 5 

[kTA ) 


f kTA ) 
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(5-x) = 5 ; x = 


he 

A v kT 


This transcendental equation will have some solution x = constant, and so 


he 

A ? kT 


= constant, and 


so 


A P T = constant 


J. The constant could be evaluated from solving the transcendental equation, 

(. b ) To find the value of the constant, we solve e x (5 - x) = 5, or 5 - x = 5e~ x . This can be done 
graphically, by graphing both y - 5-x and y = 5e~ x on the same set of axes and finding the 

intersection point. Or, the quantity 5-x - 5e~ x could be calculated, and find for what value of x 
that expression is 0. The answer is x = 4.966. We use this value to solve for h. The spreadsheet 
used for this problem can be found on the Media Manager, with filename 
“PSE4 ISM CH37.XLS,” on tab “Problem 37.5.” 


he 

A ? kT 


= 4.966 -> 


h = 4.966^^ = 4.966 


(2.90x 10~ 3 m*K)(l.38 xl0“ 23 J/K) 


c 3.00x10 m/s 

(c) We integrate Planck’s radiation formula over all wavelengths. 


6.62 x 10“ 34 J«s 


\l(A,T)dA = ] 


Inhc 1 A 5 ^ 

ghc / AkT i 


dA ; let — = x ; A = Ac 


AkT 


xkT 


dA = — ^—dx 
x~kT 


\l(A,T)dA = J 


2nhc 1 A 


he! AkT 


-1 


dA = j 


Inhc 1 


he 

xkT 


e x -\ 


he N 
dx 


x 2 kT 


2^k 4 r 4 |[ 

hV |, 


..3 X 


e x -l 


dx 


Ink* 


1 3 2 

h c 


..3 X 


e -1 


dx 


r ocr 4 


Thus the total radiated power per unit area is proportional to T 4 . Everything else in the 
expression is constant with respect to temperature. 


6. We use Eq. 37-3. 


E = hf = (6.626 xl0“ 34 J«s)(l04.1xl0 6 Hz) = |6.898 x 10~ 26 J 


0 We use Eq. 37-3 along with the fact that / = c / A for light. The longest wavelength will have the 
lowest energy. 

leV N 


he (6.63 x 10~ 34 J«s)(3.00 x 10 8 m/ s) 
E\=hf { = — = 


A, 


(410xl0 _9 m) 


= 4.85 x 10 _I9 J 


1.60x10“ 19 J 


E 2 = h f 2 = — = 

A 2 

Thus the range of energies is 


he (6.63xl0^ 34 J.s)(3.00xl0 8 m/s) 


(750xl0‘ 9 m) 


= 2.65 x 10“ 19 J 


leV 

1.60 x 10“ 19 J 


= 3.03eV 


= 1.66eV 


2.7x10' 19 J <E < 4.9x10“ 19 J 


or 


1.7eV <E < 3.0eV 
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We use Eq. 37-3 with the fact that / = c/ A for light. 

he (6.63 xl0“ 34 J.s)(3.00xl0 8 m/s) 


A = — = — = } - 3.27 x 10~' 2 m a 3.3xl0' 3 nm 

/ E (l.60xl0“ 9 J/eV)(380xl0 3 eV) 

Si gnificant diffraction occur s when the opening is on the order of the wavelength. Thus there would 
be insignificant diffraction through the doorway. 


9. We use Eq. 37-3 with the fact that / — c/A for light. 


E -hf ->/■.=- 

min J min J min 


(0.1eV)(l.60xlCT 19 J/eV) 


A = 


(3.00 xlO 8 m/s) 

n v 1 • 


(6.63x10 _34 J-s) 


= 2.41x10 13 Hz 


2 x 10 3 Elz 


f mm (2.41x10 13 Hz) 


= 1.24 x 10~ 5 m « 1 x 10“ 5 m 


10. We use Eq. 37-5. 

h (6.63xlO~ 34 J-s) 
P ~ A ~ (6.20xl0“ 7 m) 


1.07 x 10 27 kg*m/s 


11. At the minimum frequency, the kinetic energy of the ejected electrons is 0. Use Eq. 37-4a. 


h 6.63x10 J»s 


7.2x10 I4 Hz 


12. The longest wavelength corresponds to the minimum frequency. That occurs when the kinetic 
energy of the ejected electrons is 0. Use Eq. 37-4a. 


K = hf mm ~W 0 = 0 f m 


A 


K 

h 


-> 


ch (3.00 x 10 8 m/s)(6.63 x 10~ 34 J*s) 

A,mx ~ W 0 ~ (3.70eV)(l.60xl0' 19 J/eV) 


3.36x10 7 m =336nm 


13. The energy of the photon will equal the kinetic energy of the baseball. We use Eq. 37-3. 

2 he 2(6.63 x 10' 34 J-s)(3.00 x 10 8 m/s) 


K = hf — > \mv =h— — > A = - 


2 ' O ' " 2 

A mv 


(0. 145kg) (30. 0m/s)" 


3.05 x 10“ 27 m 


14. We divide the minimum energy by the photon energy at 550 nm to find the number of photons. 

(I0"*j)(550xl0-’m) 


E = nhf = E m 


— > n ■ 


hf he (6.63 x 10~ 34 J-s)(3.00 x 10 8 m/s) 


= 2.77: 


3 photons 


15. The photon of visible light with the maximum energy has the least wavelength. We use 410 nm as 
the lowest wavelength of visible light. 

he (6.63 xl0“ 34 J«s)(3.00xl0 8 m/s) 

hf = =2 U t_ = 3 03eV 

max A mm (l.60xl0‘ 19 J/eV)(410xl0“ 9 m) 

Electrons will not be emitted if this energy is less than the work function. 

The metals with work functions greater than 3.03 eV are copper and iron. 
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16. (a) At the threshold wavelength, the kinetic energy of the photoelectrons is zero, so the work 
function is equal to the energy of the photon. 


2.4eV 


(b) The stopping voltage is the voltage that gives a potential energy change equal to the maximum 
kinetic energy. We use Eq. 37-4b to calculate the maximum kinetic energy. 

=hf-W 0 =^-W 0 - 12 ^ V,nm -2.38eV = 0.25eV 
A 470nm 


K = 


K 


0.25 eV 


0.25V 


17. The photon of visible light with the maximum energy has the minimum wavelength. We use Eq. 37- 
4b to calculate the maximum kinetic energy. 


K BmL =hf-W 0 =!j-W 0 


1240 eV*nm 
410 nm 


-2.48 eV= 0.54 eV 


18. We use Eq. 37-4b to calculate the maximum kinetic energy. Since the kinetic energy is much less 
than the rest energy, we use the classical definition of kinetic energy to calculate the speed. 

K^=hf-W 0 =^-W 0 = n40cV ' nm _ 2 .48eV = 

A 365 nm 


0.92 eV 


K mn = \ nn ’ 2 


2 K 


m 


1 2 (0.92 eV)(l.60xl0“ 19 J/eV) 
I 9.1 1 x 10“ 31 kg 


5.7 x 10 5 m/s 


19. | We use Eq. 37-4b to calculate the work function. 


K =¥~K im = -j- — K max = 1240 eV,n m _ 1 , 70 eV = 1 2.65 eV 
A 285 nm 


20. Electrons emitted from photons at the threshold wavelength have no kinetic energy. We use Eq. 37- 
4b with the threshold wavelength to determine the work function. 

0;=--^= — = 1240 eV,m ” =3-88 eV. 

"A 320 nm 

(a) We now use Eq. 36-4b with the work function determined above to calculate the kinetic energy 
of the photoelectrons emitted by 280 nm light. 

he 1240 eV*nm 

^=--W 0 =—~ 3.1 

A 280 nm 

(b) Because the wavelength is greater than the threshold wavelength, the photon energy is less than 


eV= 0.55 eV 


the work function, so there will be no ejected electrons 


21. The stopping voltage is the voltage that gives a potential energy change equal to the maximum 
kinetic energy of the photoelectrons. We use Eq. 37-4b to calculate the work function where the 
maximum kinetic energy is the product of the stopping voltage and electron charge. 


K =Y- K ™=T~ eV ° = 12 !l eV ' mn -( 1 - 84 V ) H 3 - 55 eV 

A A 230 nm 
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22. The energy required for the chemical reaction is provided by the photon. We use Eq. 37-3 for the 
energy of the photon, where / = d A. 

E = hf = d 1240 eV ' nm =|2^eV| 

A 630 nm 

Each reaction takes place in a molecule, so we use the appropriate conversions to convert 
eV/molecule to kcal/mol. 


E = 


2.0 eV 
molecule 


1.60x10 


-19 A 


eV 


6.02 x 10 molecules 
mol 


kcal 
4186 J 


45 kcal/mole 


23. 


O) 


(b) 


Since / = c/A , the photon energy given by Eq. 37-3 can be written in terms of the wavelength 
as E - he/ A. This shows that the photon with the largest wavelength has the smallest energy. 
The 750-nm photon then delivers the minimum energy that will excite the retina. 
h c (6.63 x 10~ 34 J*s)(3.00 x 10 8 m/s) / 


(750 x 10~ 9 m) 


( 1 eV 1 




— 

1.66eV 

U-60xlO- |9 jJ 




The eye cannot see light with wavelengths less than 410 nm. Obviously, these wavelength 
photons have more energy than the minimum required to initiate vision, so they must not arrive 
at the retina. That is, wavelength less than 410 nm are absorbed near the front portion of the 
eye. The threshold photon energy is that of a 410-nm photon. 



(6.63 x 10 34 J-s)(3.00 x 10 8 m/s) 
(410xl0~ 9 m) 


( 1 eV ] 




— 

3.03eV 

U-60xlO" 19 J J 




24. 


We plot the maximum (kinetic) energy 
of the emitted electrons vs. the 
frequency of the incident radiation. 

Eq. 37-4b says K miix = hf - W 0 . The 
best-fit straight line is determined by 
linear regression in Excel. The slope 
of the best- fit straight line to the data 
should give Planck’s constant, the x- 
intercept is the cutoff frequency, and 
the y-intcrccpt is the opposite of the 
work function. The spreadsheet used 
for this problem can be found on the 
Media Manager, with filename “PSE4_ISM_CH37.XLS,” on tab “Problem 37.24.” 



(a) h = (0.4157eV/l0 14 Hz)(l.60 x 10 19 J/eV) = |6.7 x 10 34 J»s 

(b) hf culofr = W n -> / tutoff =-^ = 


2.3042eV 


h (0.4157eV/l0 14 Hz) 


5.5x10 14 Hz 


(c) 


W 0 = 


2.3eV 


25. 


O) 


Since / = c/A , the photon energy is E = he/ A and the largest wavelength has the smallest 
energy. In order to eject electrons for all possible incident visible light, the metal’s work 
function must be less than or equal to the energy of a 750-nm photon. Thus the maximum value 
for the metal’s work function W 0 is found by setting the work function equal to the energy of 
the 750-nm photon. 
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he (6.63 xl(T 34 J.s)(3.00x 10 s 


m/s 


1 


(750 x lCT 9 m) 


leV 


1.60 xlO J 


1.66 eV 


( b ) If the photomultiplier is to function only for incident wavelengths less than 4 1 0-nm, then we set 
the work function equal to the energy of the 4 1 0-nm photon. 


he (6.63 x 10~ 34 J«s)(3.00 x 10 s 


m/s 


1 


(410 x 10~ 9 m) 


leV 


1.60 x 10 J 


3.03 eV 


26. Since / = c/ A , the energy of each emitted photon is E — he// l . We multiply the energy of each 
photon by 1.0 x 10 6 /s to determine the average power output of each atom. At distance of 
r = 25 cm , the light sensor measures an intensity of 7 = 1.6 nW /l.O cm 2 . Since light energy emitted 
from atoms radiates equally in all directions, the intensity varies with distance as a spherical wave. 
Thus, from Section 15-3 in the text, the average power emitted is P - Anr 2 1 . Dividing the total 
average power by the power from each atom gives the number of trapped atoms. 


P Anr 2 1 


4/r(25cm)~ (: 

l.6xlO“ 9 W/cm 2 ) 

1 

C nhc/A | 

(l.O x 10 6 /s) (6.63 xlO~ 34 J*s' 

)(3.00 x 10 8 m/s)/(780 x 10“ 9 m) 


4.9 xlO 7 atoms 


27. We set the kinetic energy in Eq. 37-4b equal to the stopping voltage, eV 0 , and write the frequency 
of the incident light in terms of the wavelength, / = c/ A. We differentiate the resulting equation 
and solve for the fractional change in wavelength, and we take the absolute value of the final 
expression. 

T/ he he dA 

— Wr, — ^ edV n - -r d A — ^ — 

0 A 0 0 A 2 A 

A2 (l.60 x KT 19 C)(550 x l(T 9 m) 


A A eA 

— - — ak 

A he 


A (6.63 xl0' 34 J.s)(3.00xl0 8 m/s) 


(0.01 V) = |0.004 


28. We use Eq. 37-6b. Note that the answer is correct to two significant figures. 
h 

AA = (1-cos^) — »• 

me 


_u , mcAA 
1 = cos 1 5 


■ cos 


(9.11 x l(T 31 kg)(3.00 x 10 8 m/s) (l.5 x l(T 13 m) 
(6.63 x 10 34 J»s) 


20 ° 


29. The Compton wavelength for a particle of mass m is h/mc. 

(6.63x10' 34 J.s) 


, , h 

(a) 


(b) 


m e c (9.1 1 x 10“ 3l kg)(3.00 x 10 8 m/s) 
h (6.63 x 10“ 34 J*s) 

m p c ~ (l.67xl0" 27 kg)(3.00xl0 8 m/s) 


2.43 x 10“ l2 m 


= 1.32xl(T 15 m 


(c) The energy of the photon is given by Eq. 37-3. 


"'photon 


he 

-bf = — 


he 


A [h/mc) 


■ me ~ = rest energy 
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30. We find the Compton wavelength shift for a photon scattered from an electron, using Eq. 37-6b. The 
Compton wavelength of a free electron is given in the text right after Eq. 37-6b. 
f i, \ 

A' -A,- — — (l - cost?) = A C (1 - cost?) = (2.43 xlO“ 3 nm)(l - cost?) 

[m e cj 

(a) A' a — A = ^2.43 x l(T 3 nm)(l - cos 60°) = 1.22 x 10~ 3 nm 
(. b ) A\ - T = (2.43 xlQ- 3 nm)(l-cos90°) = [2^3 xl(T 3 nm 
(c) A' c - A = (2.43 x 1 0~ 3 nm) (l - cos 1 80°) = [4~86 x 1 O' 3 nm 


(a) In the Compton effect, the maximum change in the photon’s wavelength is when scattering 

angle (j) = 180° . We use Eq. 37-6b to determine the maximum change in wavelength. Dividing 
the maximum change by the initial wavelength gives the maximum fractional change. 

. , h \ 


A A= (l-cosf?) — > 


AT h (6.63x10 34 J.s)(l-cosl 80°) 

A m e cA v ' (9.1 1 x 10 3 kg)(3.00x 10 8 m/s) (550 x 10~ 9 m) 

( b ) We replace the initial wavelength with A = 0. 10 nm. 

A Ah. x (6.63 xlO' 34 J*s)(l- cos 180°) , , 


AT_ h h cozQ \ _ (6.63x10 J«sj^t-cost80 j 

A ~ m e cA [ C ° S ’ (9.11xl0- 31 kg)(3.00xl0 8 m/s )(0.10 x 10“ 9 m) 


32. We find the change in wavelength for each scattering event using Eq. 37-6b, with a scattering angle 
of (j) - 0.50°. To calculate the total change in wavelength, we subtract the initial wavelength, 
obtained from the initial energy, from the final wavelength. We divide the change in wavelength by 
the wavelength change from each event to determine the number of scattering events. 


, , (6.63 xlO 34 J-s)(l-cos0.5°) 

- l-cosO.5 0 W ^ 

A ’ (9.11X10 3 kg)(3.00xl0 8 m/s) 


= 9.24 x IQ - "m = 9.24 x 10 s nm 


A n - — = 


he (6.63xl0 34 J-s)(3.00xl0 8 m/s) 


0 E 0 (l.OxlO 6 eV)(l.60xl0“ 19 J/eV) 

A-A„ (555 nm)-(0.00124 nm) r— — ^ 

A A 9.24 x 10 s nm 


= 1.24 xl0 12 m = 0.00124 nm. 


33. (a) We use conservation of momentum to set the initial momentum of the photon equal to the sum 

of the final momentum of the photon and electron, where the momentum of the photon is given 

by Eq. 37-5 and the momentum of the electron is written in terms of the total energy (Eq. 36- 

13). We multiply this equation by the speed of light to simplify. 

h f h \ he _ ( hc\ rz ~ 2 zy 

1 - 0 — — — + p — > — — — — — E 0 

1 1 1 r e 1 7 r V u 

A \A J A \ A J 

Using conservation of energy we set the initial energy of the photon and rest energy of the 
electron equal to the sum of the final energy of the photon and the total energy of the electron. 
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By summing these two equations, we eliminate the final wavelength of the photon. We then 
solve the resulting equation for the kinetic energy of the electron, which is the total energy less 
the rest energy. 


he ^ 
2 | — 
A 


+ E n =JE 2 -E 2 +E -> 


he ^ 
2 | — 
X 


+ E 0 E 


= E 2 -E 2 


( he 3 


2 

( he'] 


2 — 

+ y 

-2 E 

2 — 

+ y 

L UJ 


L UJ 


+ E 2 = E 2 - E 2 -> E = ± 


he 

A 


+ E n 


+ E n 


( he 3 


2 — 

L UJ 

+y 


K = E-E n = ± 


he 

T 


+ E n 


+ E n 


he 

T 


+ E n 


he ^ 

T 


( he'] 



Jhe) 



( he'] 


2 — 

L UJ 

+y 

2 

L UJ 

+ y 


2 — 

L UJ 

+y 


1240 eV*nm 
0.160 nm 


1240 eV*nm 
0.160 nm 


+ 5.11xl0 5 eV 


228eV 


(. b ) We solve the energy equation for the final wavelength. 


he 

T 


+ E n = \ — 
he 


+ E 


he ^ 

y 


+ i?o E 


"i 

K~ 

-1 

1 

228 eV 

_y 

hc_ 


0.1 60nm 

1240eV*nm 


0.165nm 


34. First we use conservation of energy, where the energy of the photon is written in terms of the 

wavelength, to relate the initial and final energies. Solve this equation for the electron’s final energy. 


fhc) 

1 2 1 

fhE 

\+E => E = \ 

(he) 


(he) 


+ me — 





\ A j 


U'J 


v A j 


U'J 


+ me 

Next, we define the x-direction as the direction of the initial motion of the photon. We write 
equations for the conservation of momentum in the horizontal and vertical directions, where 0 is the 
angle the photon makes with the initial direction of the photon and </> is the angle the electron makes. 

PE- J = Pe c os^ + -^cos6> p y : O^sin^ + Uin# 

To eliminate the variable ^we solve the momentum equations for the electron’s momentum, square 
the resulting equations and add the two equations together using the identity cos 2 6 + sin 2 6 = 1. 


A-Eose 

A A ' 


X 2 


= {Pe C0S ^) 2 


'A*me 

A’ 


\ 2 


= {Pe Sin ^) 2 


{Pe cos(f>f +(p e si 


sm< 


''A-Acos® 
A A ' 


\ 2 

+ 


/ 

U' J 


I 




2h 2 n ( h ^ 

cosfc'+ — 

A A’ U'y 
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We now apply the relativistic invariant equation, Eq. 36-13, to write the electron momentum in terms 
of the electron energy. Then using the electron energy obtained from the conservation of energy 
equation, we eliminate the electron energy and solve for the change in wavelength. 

A, 


n 1 . ( h ' 

COS0+ — 

AA' { A' 


2 r 2 24 

h —me 


lA (h 

- — + me 
A’ 


A 


2 2 

-m c 


*WfAl +mV+ 2* m cfiW 

A A' 


A 


A' 

1 1 


v_ 

AA' 


2 2 

-m c 


2 h 

— cos0 = 2hmc\ — 
A A' { A A' 


h 2 

' AA' 


-hcosO = mc(A'-A) -h — > 


A' - A - — (l-cos#) 


me 


35. The photon energy must be equal to the kinetic energy of the products plus the mass energy of the 
products. The mass of the positron is equal to the mass of the electron. 


J7 — JA _L yyi n 

photon products 1 products^ 




JA — — 177 r> — f7 — 0 171 c 

products photon products photon electron 


= 2.67 MeV - 2 (0.5 1 1 MeV) = 


1.65MeV 


36. The photon with the longest wavelength has the minimum energy in order to create the masses with 
no additional kinetic energy. Use Eq. 37-5. 

he he h (6.63 x 10 J*s) 


A = ■ 


2 me 1 2 me 2(l.67 x 10“ 27 kg)(3.00 x 10 8 m/s) 


6.62 x 10“ 16 m 


This must take place in the presence of some other object in order for momentum to be conserved. 

37. The minimum energy necessary is equal to the rest energy of the two muons. 


E mm =2mc 2 =2(207)(0.511MeV) = |212MeV 
The wavelength is given by Eq. 37-5. 

he (6.63 x10~ 34 J-s)(3.00x 10 8 m/s) 

~ E _ (1.60x10 19 J/eV)(212xl0 6 eV) 


5.86 x 10“ 15 m 


38. Since v < 0.001c, the total energy of the particles is essentially equal to their rest energy. Both 

particles have the same rest energy of 0.5 1 1 MeV. Since the total momentum is 0, each photon must 
have half the available energy and equal momenta. 


^photon — m e\ 


0.5 11 MeV 


/"^photon 


J photon 


0.51 IMeV/c 


39. The energy of the photon is equal to the total energy of the two particles produced. Both particles 
have the same kinetic energy and the same mass. 

E, 


1.772 MeV 


j p ho ton - 2 [K + me 2 ) = 2 (0.375 MeV + 0.511 MeV) = 

The wavelength is found from Eq. 37-5. 

0 8 m/s) — — 

A = — = A E2— J-J-= 7.02 x 10“ 3 m 


he 

(6.63x10~ 34 J.s)( 

3.00xl0 8 m/s) 


1.60xl0“ 19 J/eV' 

)(l.772xl0 6 eV) 
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40. We find the wavelength from Eq. 37-7. 

(6.63x10- 34 J.s) 


mv (0.23 kg) (0. 10 m/s) 


2.9 x 10~ 32 m 


41. The neutron is not relativistic, so we can use p-mv. We also use Eq. 37-7. 

(6.63x10“ 34 J.s) 




mv (l .67 x 10“ 27 kg)(8.5 x 10 4 m/s) 


4.7 x 10~ 2 m 


42. We assume the electron is non-relativistic, and check that with the final answer. We use Eq. 37-7. 

(6.63x10“ 34 J*s) 


. _ h _ h _ h _ 

p mv mA (9.11xl0^ 31 kg)(0.21xl0~ 9 m) 


3.466 x10 s m/s = 0.01 155c 


Our use of classical expressions is justified. The kinetic energy is equal to the potential energy 
change. 

y(9. 1 1 x 10“ 31 kg)(3.466 x 10 s m/s) 2 


eV - K = \mv 2 = 2 


(l.60xl0 -19 J/eV) 


■ = 34.2 eV 


Thus the required potential difference is 34 V. 


|43.| The theoretical resolution limit is the wavelength of the electron. We find the wavelength from the 
momentum, and find the momentum from the kinetic energy and rest energy. We use the result from 
Problem 94. The kinetic energy of the electron is 85 keV. 

z= , hc 


( 

6. 

63 x 10“ 34 J*s) 

(3.00 xlO 8 m/s) 

1 

(1.60x10 19 J/eV' 

u 

(85xl0 3 eV)' 

2 + 2| 

(0.511xl0 6 eV) 

(85xl0 3 eV) 


4.1xl0“ 12 m 


44. We use the relativistic expression for momentum, Eq. 36-8. 
mv mv h 

hjl-v'u' _ (6.63xlO- J, J.s)jl-(0.98) ! 

mv ~ (9.11xl0“ 3l kg)(0.98)(3.00xl0 8 m/s) 


45. 


Since the particles are not relativistic, we may use K - p 1 / 2m . We then form the ratio of the 
kinetic energies, using Eq. 37-7 . 

h 2 



h 2 

2mA 2 


T e _ 2 m e A 2 _ m p _ 1.67xlQ- 27 kg 
A p ~ h 2 _ m e ~ 9. 1 1 x 10“ 31 kg 
2m p A 2 
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46. We assume the neutron is not relativistic. If the resulting velocity is small, our assumption will be 
valid. We use Eq. 37-7. 


, h h h 

X = — = — -» v = 
p mv 


(6.63x10“ 34 J-s) 


ml (l .67 x 10“ 27 kg)(0.3x 10“ 9 m) 
This is not relativistic, so our assumption was valid. 


= 1300 m/s « lOOOm/s 


47. (a) We find the momentum from Eq. 37-7 
h 6.63x10“ 34 J«s 


1.1 x 10 24 kg*m/s 


P X 6.0 x l(T 10 m 

( b ) We assume the speed is non-relativistic. 

, h h h 

T = — = — -» v = 
p mv 


6.63x10 J«s 


1.2 x 10 6 m/s 


ml (9.11x10 31 kg)(6.0xl0 10 m) 

Since v/c = 4.04 x 10 3 , our assumption is valid. 

(c) We calculate the kinetic energy classically. 

K = \mv 2 = i(mc 2 )(v/c ) 2 = |(0.51 lMeV)(4.04 x 1CT 3 ) 2 = 4.17 x 10“ 6 MeV = 4.17eV 


This is the energy gained by an electron if accelerated through a potential difference of |4.2 V| 


48. Because all of the energies to be considered are much less than the rest energy of an electron, we can 
use non-relativistic relationships. We use Eq. 37-7 to calculate the wavelength. 


K = ^~ -> p = V2 mK ; l = — = h 
2m p flmK 


(< a ) 1 = 

(b) 1 = 

(c) l = 


h 


6.63 x 10 J*s 


sl2mK ^2(9. 1 1 x 10“ 31 kg)(20eV)(l.60 x 1(T 19 J/eV) 
h 


= 2.7 xl(T 10 m « 3 x 10 _lo m 


6.63 x 10 34 J-s 


yfrmK ^2(9. 1 1 x 10“ 3l kg)(200eV)(l.60 x 10' 19 J/eV) 

h 6.63 x 10~ 34 J«s 

yjlmK ^2(9.1 1 x 10“ 3l kg)(2.0x 10 3 eV)(l.60 x 10' 19 J/eV) 


= 8.7 x 10“ n m » 9 x 10~ n m 


2.7 x 10 _11 m 


49. Since the particles are not relativistic, we may use K = p 1 j 2m . We then form the ratio of the 
wavelengths, using Eq. 37-7. 

h 


0 _ h _ h l p _ s] 2m P K _ lm e ^ 

p /M ’ X. h 1 


1 m„ 


^2mK 


Thus we see the proton has the shorter wavelength, since m e < m 


50. The final kinetic energy of the electron is equal to the negative change in potential energy of the 
electron as it passes through the potential difference. We compare this energy to the rest energy of 
the electron to determine if the electron is relativistic. 

K = -qAV = (le)(33x 10 3 V) = 33xl0 3 eV 


Because this is greater than 1% of the electron rest energy, |the electron is relativistic| . We use Eq. 
36-13 to determine the electron momentum and then Eq. 37-5 to determine the wavelength. 
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r 2 r V , 2 1 2 2 2, 2 4 

h = A + me = p c + m c 




he 


sjK 2 + 2 Kmc 1 


1240eV*nm 


P \Jk 2 + 2Kmc 2 ^33^7o^eVyT2^(33xl0 3 eV)(511xl0 3 eV) 


= 0.0066 nm 


Because A « 5 cm, diffraction effects are negligible.) 


51. We will assume that the electrons are non-re lativistic, and then examine the result in light of that 
assumption. The wavelength of the electron can be found from Eq. 34-2a. The speed can then be 
found from Eq. 37-7. 


d sin 0 — m ordei A —> A - 


v = 


d sin 0 , h h 

; A = — = 


m 


order 


mv 


border _ 1 

(6.63 x 

10 34 J-s) 

(2) 


m e d sin 6 | 

(9.11 x 10“ 31 kg)(3.0xl0“‘ 

3 m) 

(sin55°) 


590 m/s 


This is far from being relativistic, so our original assumption was fine. 

52. We relate the kinetic energy to the momentum with a classical relationship, since the electrons are 
non-relativistic. We also use Eq. 37-7. We then assume that the kinetic energy was acquired by 
electrostatic potential energy. 
h 


K = ^— = - = eV 


V = 


2m 2mA 1 
h 2 


(6.63 x 10“ 34 J*s) 2 


2meA 2(9.11 x 10“ 31 kg)(l.60 x 10“ I9 C)(0.28 x 10“ 9 m)~ 


19V 


53. The kinetic energy is 3450 eV. That is small enough compared to the rest energy of the electron for 
the electron to be non-relativistic. We use Eq. 37-7. 

h he (6.63xl0‘ 34 J-s)(3.00xl0 8 m/s) 

p (2mK)' 12 (2/ nc 2 K) 1 ' 2 (l.60 x 10“ 19 J/eV)[2(0.51 1 x 10 6 eV)(3450 eV)]'' 2 


x-*-. 


= 2.09 x 10“ m = 


20.9pm 


54. The energy of a level is E n = - 


(13.6 eV) 


(a) The transition from n = 1 to n ' = 3 is an absorption, because the final state, n' = 3, has a 


higher energy. The photon energy is the difference between the energies of the two states. 

1 ^ 


hf = E n .-E„=-{ 13.6 eV) 


( b ) The transition from n = 6 to o' = 2 is an 



rn - 

- 


IfJ. 


emission, 


= 12.1 eV 


because the initial state, n' = 2, has a 


higher energy. The photon energy is the difference between the energies of the two states. 


hf = { 13.6 eV) 


rn 


U 2 J 

U 2 J_ 


= 3.0 eV 


(c) The transition from n = 4 to n ' = 5 is an absoiption, because the final state, n ' = 5, has a 
higher energy. The photon energy is the difference between the energies of the two states. 
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hf ~ E n , - E n = -(13.6 eV) 


TO 

i PY 

_ls 2 J 

U 2 J_ 


= 0.31 eV 


The photon for the transition from | n = 1 to n ' = 3 | has the largest energy. 


|55.| To ionize the atom means removing the electron, or raising it to zero energy. 

(-13.6eV) _ (!3.6eV) 


E . , =0 -E =0-- 

ionization n 


3 2 


1.5 leV 


56. We use the equation that appears above Eq. 37-15 in the text. 

(a) The second Balmer line is the transition from n = 4 to n = 2. 
he 1240eV*nm 


A = 


(E 4 -E 2 ) [-0.85eV-(-3.4eV)] 


490 nm 


( b ) The third Lyman line is the transition from n = 4 to n = 1 . 
he 1240eV*nm 


A = - 


97.3 nm 


(£ 4 -£,) [-0.85 eV-(-13.6 eV)] 

(c) The first Balmer line is the transition from n - 3 to n = 2. 
For the jump from n = 5 to n = 2, we have 
he 1240eV*nm 


A = 


{E 3 -E 2 ) [-1.5 eV-(-3.4 eV)] 


650 nm 


57. 


Doubly ionized lithium is similar to hydrogen, except that there are three positive charges (Z = 3) in 
the nucleus. The square of the product of the positive and negative charges appears in the energy 
term for the energy levels. We can use the results for hydrogen, if we replace e 2 by Ze 2 : 

Z 2 (l3.6eV) _ 3 2 (l3.6eV) _ (l22eV) 


0 - £j = 0 - 

(122 eV) 


122eV 


l 0) 2 J 




58. We evaluate the Rydberg constant using Eq. 37-8 and 37-15. We use hydrogen so Z= 1. 


!-* 

A 


( \ 

1 1 

ry 2 4 

Lem 

( 

1 

\ 

1 


8slh 3 c 

l(«') 2 

i n )\ 




R = 


rj2 4 

Lem 


(l) 2 (l.602176x 10“ 19 C) 4 (9.109382 x 10‘ 3l kg) 


*£ 0 hc 8(8.854188 x 10“ 12 C 2 /N-m 2 )" (6.626069 x 10 -34 J-s) (2.997925 x 10 8 m/s) 

C 4 -kg 


= 1.0974x10' 


C 4 

J 3 s 3 m/s 


1.0974 xlO 7 nfr 1 


N 2 -m 4 


59. The longest wavelength corresponds to the minimum energy, which is the ionization energy: 
he (6.63xl0“ 34 J.s)(3.00xl0 8 m/s) 


A = - 


E. 


(l.60xl0“ 19 J/eV)(l3.6eV) 


= 9.14 x 10 m = 


91.4nm 
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60. Singly ionized helium is like hydrogen, except that there are two positive charges (Z = 2) in the 
nucleus. The square of the product of the positive and negative charges appears in the energy term 
for the energy levels. We can use the results for hydrogen, if we replace e 2 by Ze 2 . 

Z 2 ( 13.6 eV)_ 2 2 (13.6 eV) _ (54.4 eV) 

~ 2 — 2 — 2 
n n n 

We find the energy of the photon from the n = 5 to n = 2 transition in singly-ionized helium. 


A E = E S -E 2 = -( 54.4 eV) 


7 0 

rn" 

.U 2 J 

U 2 J_ 


= 11.4 eV 


Because this is NOT the energy difference between any two specific energy levels for hydrogen, the 
photon CANNOT be absorbed by hydrogen. 


6L| The energy of the photon is the sum of the ionization energy of 13.6 eV and the kinetic energy of 
20.0eV. The wavelength is found from Eq. 37-3. 

he (6.63 x 1(T 34 J-s)(3.00 x 10 8 m/s) 


¥= T =£,01al 


-> A = - 


(l .60 x 10“ 19 J/eV)(33.6 eV) 


= 3.70x10 m = 


37.0nm 


62. A collision is elastic if the kinetic energy before the collision is equal to the kinetic energy after the 
collision. If the hydrogen atom is in the ground state, then the smallest amount of energy it can 
absorb is the difference in the n = 1 and n = 2 levels. So as long as the kinetic energy of the 
incoming electron is less than that difference, the collision must be elastic. 

>«Al ( _ 13 . 6eV)= 


K<E 2 -E t = I — 


10.2eV 


63. Singly ionized helium is like hydrogen, except that there are two 
positive charges (Z = 2) in the nucleus. The square of the product 
of the positive and negative charges appears in the energy term 
for the energy levels. We can use the results for hydrogen, if we 
replace e by Ze 2 : 

' 2/l ^~ xA (54.4eV) 


_ Z 2 (l3.6eV) _ 2 2 (l3.6eV) _ 


E x = -54.5 eV, E 2 = - 13.6eV, 


= -6.0eV, E a =-3.4eV 


o 

-3.4 

- 6.0 

-13.6 


-54.4 


Continuum 


;/ = oo 

'/ = 5 
n = 4 

n = 3 


n = 2 


n= 1 


64. Doubly ionized lithium is like hydrogen, except that there are 
three positive charges (Z = 3) in the nucleus. The square of the 
product of the positive and negative charges appears in the 
energy term for the energy levels. We can use the results for 
hydrogen, if we replace e by Ze \ 

Z 2 (l3.6eV) 3 2 (l3.6eV) (l22.4eV) 

E n ~ 2 ~ 2 ~ 2 

n n n 

E x = -122 eV, E 2 =- 30.6eV, £ 3 =-13.6eV, 

E 4 =-7.65eV 


o 

-7.65 

-13.6 

: -30.6 


& 

V 

w 


-122 


Continuum 



. I 





I 


A- 



n = oo 

n = 5 

n - 4 


n = 2 


n= 1 
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65. The potential energy for the ground state is given by the charge of the electron times the electric 
potential caused by the proton. 




1 e 

4ns o t\ 


(9.00xl0 9 N-m 2 /C 2 ) 

|(l. 60 x 10“ 19 c) 2 (leV/l.60x 10“ 19 j) 

(' 

0.529 x 10 _1 °m) 



-27.2eV 


The kinetic energy is the total energy minus the potential energy. 
K = E x -U = -13.6eV-(-27.2eV) = I 


+ 13.6eV 


66. The value of n is found from r = n 2 r x , and then find the energy from Eq. 37-14b. 


r = nr, — > n - 


E = - 


|y(0.10xl0~ 3 m) 

, 0.529 xlO' 10 m 

(13.6 eV)_ (13.6 eV) _ (13.6 eV) 


972 


972 2 


1375 2 


— 1.4 x 10“ 5 eV 


|67.| The velocity is found from Eq. 37-10 evaluated for n = 1. 
nh 


mvr - — — » 
In 


1 

(6.63x10 

- 34 J-s) 

1 

2n\ 

(0.529 

x 10“ lo m) 

(9.11 

X 10“ 31 kg) 


= 2.190 xlO 6 m/s = 


7.30x10 c 


We see that v <s: c, and so yes|, non-relativistic formulas are justified. 
The relativistic factor is as follows. 


1-1 - 




= W 


2.190xl0 6 m/s 


1 - 2.66x10“ 


: 0.99997 


3.00 x 10 m/s ^ 

We see that ^1 - v 2 /c 2 is essentially 1, and so again the answer is yes, non-relativistic formulas are 
justified. 


68. The angular momentum can be used to find the quantum number for the orbit, and then the energy 
can be found from the quantum number. Use Eqs. 37-10 and 37-14b. 

h 2 nL 2/r (5.273 x 10“ 34 kg*m 2 /s) 

L = n — — > n — = -7 — r = 5.000 « 5 

2 n h (6.626 x 10 34 J-s) 

71 


E n = -(l3.6eV)^- = - 13 ' 6eV = |o.544 eV 
" V ’ n 2 25 


69. Elydrogen atoms start in the n = 1 orbit (“ground state”). Using Eq. 37-9 and Eq. 37-14b, we 

determine the orbit to which the atom is excited when it absorbs a photon of 12.75 Ev via collision 
with an electron. Then, using Eq. 37-15, we calculate all possible wavelengths that can be emitted as 
the electron cascades back to the ground state. 

13.6 eV 


AE = E v - E L -> E v = — 


2 -E l +AE -»• 


-13.6 eV 


-13.6 eV 


E, +AE v -13.6 eV+ 12.75 eV 


= 4 
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Starting with the electron in the n = 4 orbit, the following transitions are possible: n -4 to n - 3 ; 
n - 4 to n = 2; n—4 to n- 1 ; n =3 to n-2; n - 3 to n- 1 ; n -2 to n = 1 . 

f 1 P 


y = (l.097xl0 7 nT 1 ) 
(1.097 xlO 7 m ') 
— = (l .097 x 10 7 nT 1 ) 


- = (l.097xl0 7 nT 1 ) 

— = (l .097 x 10 7 nT 1 ) 


3 2 4 2 

_L 

2 2 4 2 

j l_ 

i i 

F”7 

vl 2 3 2 y 

n _ n 

vl 2 2 2 y 


= 5.333 xlO s m ~ 1 =>A = 


1875 nm 


= 2.057 x10 s nT 1 =>A- 


486.2 nm 


= 1.028x 10 7 m~ 1 =>A = 


97.23 nm 


■ (l .097 x 10 7 nT 1 ) — — - =1.524x10* nT 1 => A = 

\2~ 3" 


656.3 nm 


= 9.751x 10 6 nT 1 => A - 


= 8.228 xlO 6 nT 1 => A - 


102.6 nm 


121.5 nm 


70. When we compare the gravitational and electric forces we see that we can use the same expression 


for the Bohr orbits, Eq. 37-1 1 and 37-14a, if we replace Ze 2 f 4 jw (] with Gm 


m „ . 


h Sr, 


= 


h 2 4ns ^ 
1 nm e Ze 2 4n 2 m e Ze 2 

h 2 

7| _ 4^ 2 G/77 2 




(6.626 xl0^ 34 J-s) 2 


■ m P 4 n 2 (6.67 x 10^'N-m 2 /kg 2 )(9.1 1 x 10' 31 kg)" (l.67 x 10' 27 kg) 


1.20 x 10 i9 m 


ry2 4 

V Z e m e 

E \ 

8 s~h~ 


' Ze 2 V 


\4ns 0 j 


2n~m e 


->£,=- 


0 _ 2^2 3 2 

2 n G m„ 

g P 


2 n 2 (6.67 x 10“ n N-nr/kg 2 ) 2 (9. 1 1 x 10 31 kg) 3 (l.67 x 10' 27 kg) 2 
(6.626 xlO“ 34 J«s) 2 


-4.22 x 10 _97 J 


71. We know that the radii of the orbits are given by r = n 2 t\. Find the difference in radius for adjacent 
orbits. 

A r = r - r n _j = n 2 t\ - (it - I f r t = n 2 i\ - ( n 2 - 2 n + 1) t\ = (2 n - I ) / , 

v 2r 

If 77 » 1, we have A r ~ 2m\ = 2 n F = — . 

n n 

In the classical limit, the separation of radii (and energies) should be very small. We see that letting 
77 — > oo accomplishes this. If we substitute the expression for r x from Eq. 37-11, we have this. 

2nh 2 s,, 


A r « 2nr x 


nine 

r 2 


We see that A r oc h , and so letting h — > 0 is equivalent to considering n 
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72. We calculate the energy from the light bulb that enters the eye by calculating the intensity of the 
light at a distance of 250 m by dividing the power in the visible spectrum by the area of a sphere of 
radius 250 m. We multiply the intensity of the light by the area of the pupil to determine the energy 
entering the eye per second. We divide this energy by the energy of a photon (Eq. 37-3) to calculate 
the number of photons entering the eye per second. 

/ = -Ar P e =/(;rZ> 2 /4)= P(D 


4 nt 


161 l 


P e PA f D ) 

2 0.030(75 W) (550 x 10“ 9 m) 

f 4.0xl0“ 3 m" 

he! A 16 he v l J 

1 ~ 16(6.626 x 10“ 34 J.s)(3.00 x 10 8 m/s) 

v 250m y 


- 1.0xl0 8 photons/sec 


|73.| To produce a photoelectron, the hydrogen atom must be ionized, so the minimum energy of the 
photon is 13.6 eV. We find the minimum frequency of the photon from Eq. 37-3. 

(13.6 eV)(l.60 x 1CT 19 J/eV) 


E = hf f = — -> /•. =_™ 

.7 J j J min r 

h h 


(6.63 x 10“ 34 J*s) 


3.28 x 10 5 Hz 


74. From Section 35-10, the spacing between planes, d, for the first-order peaks is given by Eq. 35-20, 

A = 2 d sin 0. The wavelength of the electrons can be found from their kinetic energy. The electrons 
are not relativistic at the energy given. 

h 1 „ h 


K = 


d = 


P_ 

2m 2mA 2 

h 


-> X = 


-j2mK 


= 2d sin 9 — > 


2 sinC 


1 

(6.63x10‘ 34 J.s) 

l 

2(sin38°)^ 

7, 

(9.1 1 xlO“ 31 kg)(l25eV) 

(1.60x10 19 J/eV) 


5.9 x 10 _11 m 


75. The power rating is the amount of energy produced per second. If this is divided by the energy per 
photon, then the result is the number of photons produced per second. 


J photon 


= ¥ = 


he P PA _ 1 

[860W) 

(12.2 x 10" 2 m) 

l 

^ ’ ^photon ^ \ 

(6.63 

x 10“ 34 J*s) 

(3.00 x10 s 

m/s) 


5.3 x 10 26 photons/s 


76. The intensity is the amount of energy per second per unit area reaching the Earth. If that intensity is 
divided by the energy per photon, the result will be the photons per second per unit area reaching the 
Earth. We use Eq. 37-3. 

photon =¥ = y 


photons 


J J 2 1 

1 sunlight 1 sunlight ^ 

(l350W/m 2 )| 

(550 x 10“ 9 m) 

l 

^photon he \ 

(6.63 X 10~ 34 J«s) 

|(3.00 xlO 8 m/s) 


3.7 x 10 21 photons/s*nr 
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77. The impulse on the wall is due to the change in momentum of the photons. Each photon is absorbed, 
and so its entire momentum is transferred to the wall. 

nh 


n 

At 


m At = A P wall = A P photons = -(° - photon ) = "/'photon = 

FA (6.5 x 10“ 9 n)(633 x 10“ 9 m) 

~h~~ 


A 




(6.63 x 10“ 34 J*s) 


6.2 x 10 18 photons/s 


78. We find the peak wavelength from Wien’s law, Eq. 37-1 
(2.90 x 10“ 3 m-K) (2.90 x 10 _3 m-K) 

T ~ (2.7K) 




X 10“ 3 m = 


1.1mm 


|79j The total energy of the two photons must equal the total energy (kinetic energy plus mass energy) of 
the two particles. The total momentum of the photons is 0, so the momentum of the particles must 
have been equal and opposite. Since both particles have the same mass and the same momentum, 
they each have the same kinetic energy. 


E = E 

photons particles 


= 2 (/ 77 e C 2 +Zf) 


-» 


K = H h0tO ns - m , c = 0-755 MeV - 0.5 1 1 MeV = 


0.244 MeV 


x 10 22 kg*m/s 


80. We calculate the required momentum from de Broglie’s relation, Eq. 37-7. 
h (6.63x1 0' 34 J-s) 

p=- = - 7 = 1.1 1 : 

A (6.0xl0‘ 12 m) 

(a) For the proton, we use the classical definition of momentum to determine the speed of the 

electron, and then the kinetic energy. We divide the kinetic energy by the charge of the proton 
to determine the required potential difference. 


p 1.11x10 “kg-m/s 4 

v = — = = 6.65 x 10 m/s c 


m 


1.67 x 10 kg 


_ K _ mv 
e 2e 


(1.67 x 10‘ 27 kg)(6.65 x 10 4 m/s) 2 


23 V 


2(l.60xl0“ I9 C) 

(b) For the electron, if we divide the momentum by the electron mass we obtain a speed greater 
than 1 0% of the speed of light. Therefore, we must use the relativistic invariant equation to 
determine the energy of the electron. We then subtract the rest energy from the total energy to 
determine the kinetic energy of the electron. Finally, we divide the kinetic energy by the 
electron charge to calculate the potential difference. 


E = 


(pcf +(m 0 c 2 ) 2 


(l.l 1 xl0“ 22 kg*m/s) 2 (3.00 x 10 8 m/s) 2 + (9. 1 1 x 10‘ 31 kg) 2 (3.00 x 10 8 m/s) 4 
= 8.85 x 10“ 14 J 

K = E- m 0 c 2 = 8.85 x 10~ 14 J - (9. 1 1 x 10“ 31 kg)(3.00 x 10 8 m/s) 2 = 6.50 x 10‘ 15 J 
E = ^ = - 


K 6.50 x 10“ 15 J 


e 1.60x 10“ 19 C 


41 kV 
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81. If we ignore the recoil motion, at the closest approach the kinetic energy of both particles is zero. 
The potential energy of the two charges must equal the initial kinetic energy of the a particle: 

1 (z„*)(z^) 


K=U = 


4ns n 


-A 


1 (Z a e)(Z Ag e) (9.00xl0 9 N-m 2 /C 2 )(2)(47)(l.60xl0 " 19 C) 2 


4 ns n 


K 


(4.8MeV)(l.60 x 10“ 13 J/MeV) 


2.8 x 10” 14 m 


82. The electrostatic potential energy is given by Eq. 23-5. The kinetic energy is given by the total 
energy, Eq. 37-14a, minus the potential energy. The Bohr radius is given by Eq. 37-11. 

1 Ze 1 1 Ze 2 nmZe 2 


U = -eV = — 


4 ^o r n 


4 ns 0 n'h s 0 


Z 2 e A m 
4 n 2 h 2 s: 


r-y 2 4 

Lem 


K—E—U = - 


Z 2 e A m 

Ss 2 h 2 n 2 


Z 2 e 4 m ) _ ZVw _ |C/| _ 4 n 2 h 2 s 2 _ Z 2 e A m 8 n 2 h 2 s 2 - _ 


v 4n 2 h 2 sl; 


Sn 2 h 2 s 2 ’ 


K 


Z 2 e A m 

%n 2 h 2 e\ 


A 2/2 2 ryl 4 

4 n h s 0 Z e m 


= 0 


83. We calculate the ratio of the forces. 

f n™ ™ A 


F 


gravitational 

~F~~ 


Gm e m p 

~ r ~ 

f ke 2 ^ 


Gm e m p (6.67 x 10“ n N-m 2 /kg 2 )(9.1 1 x 1 0 -31 kg) 2 (l. 67 x 10“ 27 kg) 


ke 2 


(9.00 x 10 9 N-m 2 /C 2 )(l.60 x 10“ 19 C) 


4.4 x 10" 


Yes, | the gravitational force may be safely ignored. 


84. The potential difference gives the electrons a kinetic energy of 12.3 eV, so it is possible to provide 
this much energy to the hydrogen atom through collisions. From the ground state, the maximum 
energy of the atom is -13.6 eV + 12.3 eV = —1.3 eV. From the energy level diagram, Figure 37-26, 
we see that this means the atom could be excited to the n = 3 state, so the possible transitions when 
the atom returns to the ground state are n = 3 to n = 2, n = 3 to n = 1, and n = 2 to n = 1. We 
calculate the wavelengths from the equation above Eq. 37-15. 
he 1240eV*nm 


^2 = 


^1 = 


= 


(e 3 -e 2 ) 

[-1.5 eV -(-3.4 eV)] 

he 

1240eV*nm 

[E 3 -Ey\ 

-1.5 eV-(-13.6 eV)] ~ 

he 

1240eV*nm 


650 nm 


1 02 nm 


(E 2 -E 1 ) [-3.4 eV-(-13.6 eV)] 


122 nm 


85.| The stopping potential is the voltage that gives a potential energy change equal to the maximum 

kinetic energy. We use Eq. 37-4b to first find the work function, and then find the stopping potential 
for the higher wavelength. 

he ... he 


K -eV = W 

JV max ^ ' K 0 


W 0 = --eV 0 

L-n 
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he he f he i 1 1 

eV.=--W 0 = — - —~eV 0 =hc — - — +eV 0 

/tj A x ^ a 0 y V y 

(6.63 x 10 34 J.s)(3.00xl0 8 m/s) r i 1 4 

= 3 L± LJ. 1 i +2 70eV = 2 25eV 

(l .60 x 1CT 19 J/eV) t440xl0- 9 m 380 x l(T 9 m J 

The potential difference needed to cancel an electron kinetic energy of 2.25 eV is 2.25 V. 

86. (a) The electron has a charge e, so the potential difference produces a kinetic energy of eV. The 
shortest wavelength photon is produced when all the kinetic energy is lost and a photon is 
emitted. 

, r he he . .he 

¥, nax = -r- = eV -> A 0 = — which gives A 0 = — 

A 0 \eV\ eV 

he 1240eV*nm r— — 

(b) A n = — = 5 = 0.038nm 

eV 33 x 10 3 eV 


87. 


The average force on the sail is equal to the impulse on the sail divided by the time (Eq. 9-2). Since 
the photons bounce off the mirror the impulse is equal to twice the incident momentum. We use Eq. 
37-5 to write the momentum of the photon in terms of the photon energy. The total photon energy is 
the intensity of the sunlight multiplied by the area of the sail 


Ap _ 2 (E/c) _ 2(E/M) _ 2IA _ 2(l350 W/m 2 )(l000 m)~ 
At At c c 3.00 xlO 8 m/s 



88. We first find the work function from the given data. A photon energy of 9.0 eV corresponds with a 
stopping potential of 4.0 V. 

eV 0 = hf - W 0 -> W 0 = hf-eV 0 = 9.0eV-4.0eV = 5.0eV 
If the photons’ wavelength is doubled, the energy is halved, from 9.0 eV to 4.5 eV. This is smaller 
than the work function, and so no current flows. Thus the maximum kinetic energy is |o]. Likewise, 
if the photon’s wavelength is tripl ed, the energy is only 3.0 eV, which is still less than the work 
function, and so no current flows . 

89. The electrons will be non-relativistic at that low energy. The maximum kinetic energy of the 
photoelectrons is given by Eq. 37-4b. The kinetic energy determines the momentum, and the 
momentum determines the wavelength of the emitted electrons. The shortest electron wavelength 
corresponds to the maximum kinetic energy. 
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90. The wavelength is found from Eq. 35-13. The velocity of electrons with the same wavelength (and 
thus the same diffraction pattern) is found from their momentum, assuming they are not relativistic. 
We use Eq. 37-7 to relate the wavelength and momentum. 

d sin 6 h h 


d sin 9 - nA — > A — - 




hn 

n 

1 

p mv 

(6.63 x 10“ 34 J*s) 

(1) 

1 

md sin 6 | 

(9.1 1 x 10“ 3 

'kg)(0.012 x 10 


(sin3.5°) 


990m/s 


91. 


(a) See the adjacent figure. 

( b ) Absorpti on of a 5. 1 eV photon represents a transition 
from the ground state to the state 5. 1 eV above that, 
the third excited state. Possible photon emission 
energies are found by considering all the possible 
downward transitions that might occur as the electron 
makes its way back to the ground state. 

-6.4eV-(-6.8eV) = 


0.4eV 


5.1eV 


-6.4 eV - (-9.0eV) = |_2.6eV 
-6.4eV-(-11.5eV) = 
-6.8eV-(-9.0eV) = ~ 
-6.8eV-(-11.5eV) = 

-9.0 eV - (-1 1.5eV) = |2.5eV 


2.2eV 


4.7 eV 


QQ 

b. 

<U 

= 

UJ 


- 12 - 


-6.4 eV 
-6.8 eV 

-9.0 eV 


-1 1.5 eV 


92. (a) We use Eq. 37-4b to calculate the maximum kinetic energy of the electron and set this equal to 

the product of the stopping voltage and the electron charge. 

k--V-w.-v. -» 


n = 


(1240 eV *nm) /(424 nm) - 2.28 eV 


0.65V 


( b ) We calculate the speed from the non-relativistic kinetic energy equation and the maximum 
kinetic energy found in part (a). 


^max = 


2 

max 


— ^ V — 

max 


2 K 


1 2(0.65eV)(l.60xl0‘ 19 J/eV) 


m \ 9.1 1 x 10 kg 

(c) We use Eq. 37-7 to calculate the de Broglie wavelength. 


4.8 x 10 5 m/s 


* 


6.63x10“ 34 J*s 


mv (9.11x10 31 kg)(4.8xl0 5 m/s) 


= 1.52 x 10 9 m = 


1.5nm 


93. ( a ) We use Bohr’s analysis of the hydrogen atom, where we replace the proton mass with Earth’s 

k e 2 

mass, the electron mass with the Moon’s mass, and the electrostatic force F e - — — with the 


gravitational force F - 


To account for the change in force, we replace ke 1 with 


Gm E m M . With these replacements, we write expressions similar to Eq. 37-11 and Eq. 37-14a 
for the Bohr radius and energy. 
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r = 


1 2 2 

h n 

An 2 mke 1 

J 2 2 

h n 

An 2 Gm 2 ,,r 


-» 


1 

(6.626 xlO“ 34 J.s) 

2 

1 

4/r| 

(6.67 x 10 -11 N*m 2 /kg 2 ) 

(7.35xl0 22 kg) 2 | 

(5.98xl0 24 kg) 


77 2 (5.16 x 10 129 m) 


2n 2 e 4 mk 2 
E„ r-r — 


E=- 


n h 


2 n 2 G 2 m 2 E , 


n h 


ml 2 n 2 (6.67 x lO^N-m 2 /kg 2 ) 2 (5.98 x 10 24 kg) 2 (7.35 x 10 22 kg) 3 

« 2 (6.626 xlO' 34 J.s) 2 


2.84 x 10 165 J 


77 


( b ) We insert the known masses and Earth-Moon distance into the Bohr radius equation to 
determine the Bohr state. 


An Gm M m E r n 


4;r | 

(6.67 x 10~ n Nm 2 /kg 2 ) 

(7.35 xlO 22 kg) 2 1 

(5.98 xlO 24 kg) 

(3.84 x 10 8 m) 

2.73 xlO 68 

(6.626 xlO -34 Js) 

2 

1 


Since n »10 68 , a value of An - 1 is negligible compared to n. Hence the quantization of 


energy and radius is | not apparent. 


94. We use Eqs. 36-13, 36-11, and 37-7 to derive the expression. 

p 2 c 2 + 777 2 c 4 = E 2 ; E = K + me 2 -> p 2 c 2 +m 2 c 4 =(K + mc 2 f = K 2 +2mc 2 K + m 2 c 4 




Ifr 2 h 2 r 2 

K 2 + 2mc 2 K - p 2 c 2 — —p~ -> ^ 2 = 


i 2 


(^ 2 +2?77C 2 ^) 




1 = 


he 


siK 2 + 2mc 2 K 


95. As light leaves the flashlight it gains momentum. This change in momentum is given by Eq. 31-20. 
Dividing the change in momentum by the elapsed time gives the force the flashlight must apply to 
the light to produce this momentum. This is equal to the reaction force that light applies to the 
flashlight. 

Ap _ AU _P _ 3.0 W 


At cAt c 3.00 xlO 8 m/s 


1.0x10 N 


96. (a) Since / = c/T , the energy of each emitted photon is E - he/ A. . We insert the values for /; and 
c and convert the resulting units to eV*nm. 


he 1 

(6.626 xlO~ 34 J*s) 

(2.998 x 10 8 m/s) (leV/l.602 x 10 

-»j) 

l 

1240 eV*nm 

T - " 

2 

1 

(l0~ 9 m/lnm) 

1 

2 (in nm) 
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( b ) Insert 650 nm into the above equation. 
1240 eV«nm 


E = 


650 nm 


1.9 eV 


97. (a) We write the Planck time as t p = G a h^c r , and the units of t p must be [T ] . 


t v =G a h P c r -> [r] = 



a 

? "1 

P 


L 


ML 1 


~L~ 

MT 2 


T 


_T _ 


7>a+2p+y r -\ /3-a 


= [LY a+£p+r [M] p - a [T] 


There are no mass units in [r] , and so ft - a, and [T ] = [l] 5< * ' [T ] 3a r . There are no 


length units in [r], and so y - -5 a and [r] = [r] 


-3a+5or 


= \T ] -ff . Thus a = y = P and 


, i 1/2 -5/2 / 

t P = G h c = J— 


(b) t P — ^ 5 
c 


= 1.35x1 (T 3 s 


'(;/] 1(6.67x10 11 N-m 2 /kg 2 )(6. 63x10 34 J*s) |-j-^ 

J (3.00 xlO 8 m/s) 5 

(c) We write the Planck length as T p = G a h^c r , and the units of T p must be [l]. 


T P =G a h P c y -> [L] = 



a 

9 1 

P 


u 


ML 1 


~L 

MT 2 


T 


T 


3a+2f+y r -i/3-a [^-[-2 a-f-y 


= [L] ia+zp+r [Mf- a [T] 


There are no mass units in [L], and so ft = a, and [l] = [l] 5q<+/ \T ] 3a r . There are no 
time units in [l], and so y = -3a and [l] = [l] 5 “ 3a = [l]~“ . Thus a = j = j3 and 

r = -l 


, y— .1/2 / 1/2 -3/2 

t P = Cr h C 


Gh 


2 - Gh - 
(d) Ap — , 3 — 

V c 


(6.67 xlO 11 N • m 2 /kg 2 )(6.63 x 10 34 J*s) 


(3.00 x 10 8 m/s) 


4.05 x 10“ 35 m 


98. For standing matter waves, there are nodes at the two walls. For the ground state (first harmonic), 
the wavelength is twice the distance between the walls, or l - \X (see Figure 15-26b). We use Eq. 
37-7 to find the velocity and then the kinetic energy. 

h h ~ 2 


l = jX _► x = 2l ; p = - = — ; K = -l— = — — 

z ? jr * n 1 ^ ^ ^ r 


(h) 

2 

h 2 

Uu 


8 ml 2 


x 21 

For the second harmonic, the distance between the walls is a full wavelength, and so l = X. 

B , h h T . p 2 

£ = T p = — = — ; K = 4— 

X £ 2m 



2 

h 2 

UJ 


2ml 2 
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99. (a) 


(b) 


Apply conservation of momentum before and after the emission of the photon to determine the 
recoil speed of the atom, where the momentum of the photon is given by Eq. 37-7. 


h h (6.63x1(T 34 J.s) 

mV — > V - = 7 — T7 r- 

X mA 85(1.66 xl0 _27 kg)(780xl0 _9 m) 



We solve Eq. 18-5 for the lowest achievable temperature, where the recoil speed is the rms 
speed of the rubidium gas. 


IkT _ 7 ^_85(l.66xl0- 27 kg)(6.0xl0- 3 m/s)- ( ^ 

^ 1 — — 7 — 7 — 1 .Z X 1 U JV 

m 3 k 3(l.38xlO" 3 J/Kj 



100. Each time the rubidium atom absorbs a photon its momentum decreases by the momentum of the 
photon. Dividing the initial momentum of the rubidium atom by the momentum of the photon, Eq. 
37-7, gives the number of collisions necessary to stop the atom. Multiplying the number of 
collisions by the absoiption time, 25 ns per absorption, provides the time to completely stop the 
atom. 

mv mvA (8u)(l.66xl0“ 27 kg/u)(290m/s)(780xl0- 9 m) 

r , , 4 1 40 

h/A h 6.63x10 34 J.s 

T = 48, 140(25 ns) = 1.2 ms 


101. (a) 

(b) 


See the adjacent graphs. 

To compare the intensities, the 
two graphs are numerically 
integrated from 400 nm to 760 
nm, which is approximately the 
range of wavelengths for visible 
light. The result of those 
integrations is that the higher 


temperature bulb is about |4. 
Itimes more intense! than the 


lower temperature bulb. 


The spreadsheet used for this 
problem can be found on the Media 



Manager, with filename “PSE4_ISM_CH37.XLS,” on tab “Problem 37.101.” 


102. Planck’s radiation formula /(T,T) was calculated for a temperature of 6000 K, for wavelengths 

from 20 nm to 2000 nm. A plot of those calculations is in the spreadsheet for this problem. To 
estimate the % of emitted sunlight that is in the visible, this ratio was calculated by numeric 
integration. The details are in the spreadsheet. 

700 nm 

J l(A,T)dA 

% visible = ^r 2 = [^42 

2000 nm I 

J l(A,T)dA 

20 nm 

So our estimate is that 42% of emitted sunlight is in the visible wavelengths. The spreadsheet used 
for this problem can be found on the Media Manager, with filename “PSE4_ISM_CH37.XLS,” on 
tab “Problem 37.102.” 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

482 









Chapter 37 


Early Quantum Theory’ and Models of the Atom 


103.1(a) 


For the photoelectric effect experiment, Eq. 37-4b can be expressed as K mm = hf - W 0 . The 
maximum kinetic energy is equal to the potential energy associated with the stopping voltage, 
so K mdX -eV 0 . We also have f-c/A. Combine those relationships as follows. 


rr IS Tir TS flC JUT T r 1 W Q 

~W 0 -> eV 0 - — -W 0 V 0 

A e A e 

A plot of V 0 vs. — should yield a straight line with a slope of 
A 


and a v-intercept of 


W n 


( b ) The graph is shown, with a linear 
regression fit as given by Excel. 

he 

(c) The slope is a = — = 1.24V*//m, 

e 

and the v-intcrcept is b- -2.31 V. 

The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_1SM_CH37.XLS,” on tab 
“Problem 37.103.” 



id) 

W 

b = -d± 

= -2.31V -> W 0 = 

2.3 leV 


(e) 

e 

h ea 

f 1 .60 x10“ 19 C)(i.24 x 10“ 6 V*m) 

V A 6.61x10- 34 J.s 


3.00 xlO 8 m/s 
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Responses to Questions 

[l] (a) A matter wave i// does not need a medium as a wave on a string does. The square of the wave 

function for a matter wave if/ describes the probability of finding a particle within a certain 
spatial range, whereas the equation for a wave on a string describes the displacement of a piece 
of string from its equilibrium position. 

(. b ) An EM wave also does not need a medium. The equation for the EM wave describes the way in 
which the amplitudes of the electric and magnetic fields change as the wave passes a point in 
space. An EM wave represents a vector field and can be polarized. A matter wave is a scalar 
and cannot be polarized. 

2. According to Bohr’s theory, each electron in an atom travels in a circular orbit and has a precise 
position and momentum at any point in time. This view is inconsistent with the postulates of 
quantum mechanics and the uncertainty principle, which does not allow both the position and 
momentum to be known precisely. According to quantum mechanics, the “orbitals” of electrons do 
not have precise radii, but describe the probability of finding an electron in a given spatial range. 

3. As mass increases, the uncertainty in the momentum of the object increases, and, from the 
Eleisenberg uncertainty principle, the uncertainty in the position of the object decreases, making the 
future position of the object easier to predict. 

4. Planck’s constant is so small that on the scale of a baseball the uncertainties in position and 
momentum are negligible compared with the values of the position and momentum. If visible light is 
being used to observe the baseball, then the uncertainty in the baseball’s position will be on the order 
of the wavelength of visible light. (See Section 38-3.) A baseball is very large compared to the 
wavelength of light, so any uncertainty in the position of the baseball will be much smaller than the 
extent of the object itself. 

5. No. According to the uncertainty principle, if the needle were balanced the position of the center of 
mass would be known exactly, and there would have to be some uncertainty in its momentum. The 
center of mass of the needle could not have a zero momentum, and therefore would fall over. If the 
initial momentum of the center of mass of the needle were exactly zero, then there would be 
uncertainty in its position, and the needle could not be perfectly balanced (with the center of mass 
over the tip). 

6. Y es, some of the air escapes the tire in the act of measuring the pressure and it is impossible to avoid 
this escape. The act of measuring the air pressure in a tire therefore actually changes the pressure, 
although not by much since very little air escapes compared to the total amount of air in the tire. 

This is similar to the uncertainty principle, in which one of the two factors limiting the precision of 
measurement is the interaction between the object begin observed, or measured, and the observing 
instrument. 

[ 7 ] Yes. In energy form, the uncertainty principle is EE At > h/ 2n . For the ground state. At is very large, 
since electrons remain in that state for a very long time, so AE is very small and the energy of the 
state can be precisely known. For excited states, which can decay to the ground state, At is much 
smaller, and AE is corresponding larger. Therefore the energy of the state is less well known. 
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8 . 


9. 


10 . 

11 . 

12 . 


13. 


14. 


15. 

16. 


17. 


18. 


If Planck’s constant were much larger than it is, then the consequences of the uncertainty principle 
would be noticeable with macroscopic objects. For instance, attempts to determine a baseball’s 
speed would mean that you could not find its position very accurately. Using a radar gun to find the 
speed of a pitcher’s fastball would significantly change the actual course of the ball. 

According to Newtonian mechanics, all objects have an exact position and momentum at a point in 
time. This information can be used to predict the future motion of an object. According to quantum 
mechanics, there is unavoidable uncertainty in the position and momentum of all objects. It is 
impossible to exactly determine both position and momentum at the same time, which introduces 
uncertainly into the prediction of the future motion of the object. 

If you knew the position precisely, then you would know nothing about the momentum. 

No. Some of the energy of the soup would be used to heat up the thermometer, so the temperature 
registered on the thermometer would be slightly less than the original temperature of the soup. 

No. Flowever, the greater the precision of the measurement of position, the greater the uncertainty in 
the measurement of the momentum of the object will be. 

A particle in a box is confined to a region of space. Since the uncertainty in position is limited by the 
box, there must be some uncertainty in the particle’s momentum, and the momentum cannot be zero. 
The zero point energy reflects the uncertainty in momentum. 

Yes, the probability of finding the particle at these points is zero. It is possible for the particle to pass 
by these points. Since the particle is acting like a wave, these points correspond to the nodes in a 
standing wave pattern in the box. 

For large values of n, the probability density varies rapidly between zero and the maximum value. It 
can be averaged easily to the classical result as n becomes large. 

As n increases, the energy of the corresponding state increases, but A E/E approaches zero. For large 
n, the probability density varies rapidly between zero and the maximum value and is easily averaged 
to the classical result, which is a uniform probability density for all points in the well. 

As the potential decreases, the wave function extends into the forbidden region as an exponential 
decay function. When the potential drops below the particle energy, the wave function outside the 
well changes from an exponential decay function to an oscillating function with a longer wavelength 
than the function within the well. When the potential is zero, the wavelengths of the wave function 
will be the same everywhere. The ground state energy of the particle in a well becomes the energy of 
the free particle. 

The hydrogen atom will have a greater probability of tunneling through the barrier because it has a 
smaller mass and therefore a larger transmission coefficient. (See Equations 38-17a and 38-17b.) 
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Solutions to Problems 


0 


We find the wavelength of the neutron from Eq. 37-7. The peaks of the interference pattern are 
given by Eq. 34-2a and Figure 34-10. For small angles, we have sin# = tan#. 

A = — - , ^ ; dsmO = mA,m-\,2,... ;y-i tan# 

p pm () K 

■ tnA y m; It , „ 

sm# = tan# — > = — — > y = , m = l,2 , ... — > 

d i y d 


<2* 

1 

^ 1 

^ 1 

d d J 2m 

0 E 

2.8 x 10“ 7 m 



(6.63 x 10~ 34 J*s)(l.0m) 

(6.0 x 10“ 4 m)^2(l.67 x 10“ 27 kg)(0.030eV)(l.60 x 10“ 19 J/eV) 


2. We find the wavelength of a pellet from Eq. 37-7. The half-angle for the central circle of the 


diffraction pattern is given in Section 35-4 as sin# = 


1 . 22/1 

D 


, where D is the diameter of the opening. 


Assuming the angle is small, the diameter of the spread of the bullet beam is d = 2t tan 0 = 2f sin 0. 


x= h_ = h_ </ = 2 £tan# = 2£sin# = 2£^^ = 2£- L22/ ' 


1 = 


p mv D Dmv 

Dmvd (3.0xl0“ 3 m)(3.0x 10“ 3 kg)(l50m/s)(0.010m) 




2.44 h 


2.44(6.63 xlO~ 34 J.s) 


.3 x 10 27 m 


This is almost 10 12 light years. 


3. The uncertainty in the velocity is given. Use Eq. 38-1 to find the uncertainty in the position. 


A . n h 

Ax > — = 


(1.055 xlO‘ 34 J.s) 


A p mAv (l.67x 10 27 kg)(l200m/s) 


5.3 x 10 11 m 


4. The minimum uncertainty in the energy is found from Eq. 38-2. 

fi ( 1 .055 x 10~ 34 J«s) ( i e y ^ 

(l x 10“ 8 s) 


AE > — = ■ 
At 


1.60 x 10“ 19 J 


= 6.59 x 10“ 8 eV « 10~ 6 7 eV 


5. The uncertainty in position is given. Use Eq. 38-1 to find the uncertainty in the momentum. 


(1.055 x 10‘ 34 J.s) 


Ti ti 

A p = mAv > — ^ Av > = 7 „ w „ s 

Ax mAx (9.1 1 x 10“ kg)(2.6xl0“ 8 m) 


= 4454 m/s « 4500 m/s 


6. The uncertainty in the energy is found from the lifetime and the uncertainty principle. 

. r f h he 

AE - — = ;E = hv = — 

At 2nAt A 


h 


_ 2 nAt _ A _ 
E 


500 x 10“ 9 m 


hfi 2ncAt 2^(3. 00 x 10 8 m/ s)(l0 x 10“ 9 s) 
A 


= 2.65x10“ 


3x10“ 
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„ he he he E AE A A 

E — — — ^ dE — — d A — ^ A E ~ — AA — A A — ^ — 

A A 2 A 2 A E A 

A A 


The wavelength uncertainty is the absolute value of this expression, and so = 1 3 x 1 0 8 

A 


[ 7 ] The uncertainty in the energy is found from the lifetime and the uncertainty principle. 


Ti 1 

(1.055 xlO' 34 J.s) 

f leV ^ 

At | 

(l2 x 10“ 6 s) 

l 

U.60xl0‘ 19 jJ 


= 5.49 x Kr n eV 


AE _ 5.49 x 10 eV 
E ~ 5500eV 


1 .0x10“ 


8. (a) We find the wavelength from Eq. 37-7. 

A _h___h__ (6.63x10- 34 J.s) 


3.1 x 10“ 34 m 


p mv (0.012kg)(180m/s) 

(b) Use Eq. 38-1 to find the uncertainty in momentum 

n ( 1.055 x io ~ 34 j*s) 

A P >— = - V ’ 


Ay (0. 0065 m) 


1.6 x 10 3_ kg*m/s 


9. The uncertainty in the position is found from the uncertainty in the velocity and Eq. 38-1. 
h h 


A^electron ~ . 


A^baseball — — 


1 

(1.055 x 10“ 34 J-s 

0 

(9.11x10 

31 kg)(95m/s)( 

8.5 x 1 0 -4 ) 


1.4 x 10“ 3 m 


(l.055 x 10~ 34 J«s) 


A^electron "'^baseball 


Av, 


A p mAv (0.14kg)(95m/s)(8.5xl0 4 ) 
(0.14kg) 


9.3 x 10“ 33 m 


^electron (9.11xl0- 31 kg) 


= 1.5 x 10 


The uncertainty for the electron is greater by a factor of 1.5 x 10 2 


10. We find the uncertainty in the energy of the muon from Eq. 38-2, and then find the uncertainty in the 
mass. 

h 


AE > — ; AE-(Am)c 2 — > 
At y J 


Am > 


ft (1.055 xlO“ 34 J.s) 


c 2 At c 2 (2.20 x 10“ 6 s) 


= | 4.7955 xlO^ 29 ^ 

c J 


leV 


1.60 x 10~ I9 J 


3.00 x 10~ 10 eV/c 2 


11. We find the uncertainty in the energy of the free neutron from Eq. 38-2, and then the mass 
uncertainty from Eq. 36-12. We assume the lifetime of the neutron is good to two significant 
figures. The current experimental lifetime of the neutron is 886 seconds, so the 900 second value is 
certainly good to at least 2 significant figures. 

n (1.055 x 1 O' 34 J«s) 


h 

AE > — ; AE - ( Am ) c 2 — > Am > 

At c ~ At (3.00 x 10 s m/s) (900s) 


1.3xl0“ 54 kg 
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12. Use the radius as the uncertainty in position for the electron. We find the uncertainty in the 

momentum from Eq. 38-1, and then find the energy associated with that momentum from Eq. 36-13. 
n (1.055 xlO‘ 34 J.s) 


A p > — = 


Ax (l.O x 10“ 15 m) 


= 1.055 x 10 9 kg*m/s. 


If we assume that the lowest value for the momentum is the least uncertainty, we can estimate the 
lowest possible energy. 


nl/2 


E = (p 2 c 2 + m 1 2 c 4 j =[(Ap) 2 c 2 + m 0 2 c 4 

(1.055 x 10“ 19 kg-m/s) 2 (3.00 x 10 s m/sf + (9.11 x 10“ 31 kg)" (3.00 x 10 8 m/s) 4 


1/2 


= 3.175 x 10 11 J 


IMeV 


1.60 x 10“ 13 J 


200 MeV 


13. (a) The minimum uncertainty in the energy is found from Eq. 38-2. 

h ( 1 .055 x 10“ 34 J*s) / leV ^ 

(l x 10“ 8 s) 


A E> — = 
At 


1.60x10 J 


= 6.59x10 8 eV»10‘ 7 eV 


(b) The transition energy can be found from Eq. 37-14b. Z = 1 for hydrogen. 


£„=-(l3.6eV)— -> E 2 -E x = 
n 


-(13.6eV)E 


-(13.6eV)U 


= 10.2eV 


A E 6.59xlO“ 8 eV . . . , n _ 9 

= 6.46x10 


E 2 -E l 10.2eV 
(c) The wavelength is given by Eq. 37-3. 

E = hv =— 

X 

Z = 


10“ 


he 1 

(6.63xlO“ 34 J 

•s) 

(3.00 xlO 8 m/s) 

E ~ 

(l0.2eV) 

( 1.60 x 10“ 19 U 


l eV J 


= 1.22x10 7 m = 1 22 nm ; 


1 00 nm 


Take the derivative of the above relationship to find AT. 

, he k . , he A E 

X — — — ^ d X — — dE — ^ AX — t" A/'. — X — ^ 


|AZ| = Z— = (l22nm)(6.46xl0' 9 ) = 7.88x10“ 


nm i 


1 0“ 6 nm 


14. We assume the electron is non-relativistic. The momentum is calculated from the kinetic energy, 
and the position uncertainty from the momentum uncertainty, Eq. 38-1. Since the kinetic energy is 
known to 1.00%, we have AK/K - 1.00 x 10“ 2 . 


1 = yjlmK ; - si 2m 

dK 


1 ^ ^ 

2 K 2 K - K 


2 s/k 


Ax > — = 


K 


1 

(1.055 x 10“ 34 J.s) 

l 

*yl 

7, 

(9.11 x 10“ 31 kg)(3.50keV)(l.60 x 10“ 16 J/keV) 

(l.OOx 10“ 2 ) 


= 6.61 x 10“ 0 m 
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15. Let us assume that the electron has an initial x momentum p x , so that it has a wavelength of 

A - h/ p . The maxima of the double-slit interference pattern occur at locations satisfying Eq. 34- 
2a, d sin 0 - mA, m = 0, 1, 2, • • • . If the angles are small, then we replace sin 0 by 9 , and so the 
maxima are given by 0 — m A/d . The angular separation of the maxima is then AO - A/d , and the 
angular separation between a maximum and the adjacent minimum is AO - A/ 2d . The separation of 
a maximum and the adjacent minimum on the screen is then Ay screen = AH/ 2d , where l is the 
distance from the slits to the detection screen. This means that many electrons hit the screen at a 
maximum position, and very few electrons hit the screen a distance At/ 2d to either side of that 
maximum position. 


If the particular slit that an electron passes through is known, then Ay for the electrons at the 

fi fi h 

location of the slits is d/2. The uncertainty principle says Ap > = — = — . We assume 

' Aksiits A d xd 

that p for the electron must be at least that big. Because of this uncertainty in y momentum, the 


electron has an uncertainty in its location on the screen, as 


Ay 


screen 


l 


A Py 

P, 


Jl 

— » Av = 

J screen L. 

A 


At_ 

7td 


Since this is about the same size as the separation between maxima and minima, the interference 
pattern will be “destroyed.” The electrons will not be grouped near the maxima locations. They will 
instead be “spread out” on the screen, and no interference pattern will be visible. 


16. We are given that ^(x,?) and X Y 2 {xj) are solutions to the Schrodinger equation. Substitute the 
function A x Y l (x,t) + 5 l F, (x,t) into the Schrodinger equation. 

-^^[^i+B'¥ 2 ] + U{x)[A'¥ l+ BA< 2 ] = -^^^-^ d ^ 2 K u{x)A'Y x+ U(x)B'Y 2 


2m dx‘ 

tr 


2m dx 


2m dx 


= -A 


2m dx 

f rsl 


Tr d 2x Y 

-B — + AU(x) x Y l +BU(x)A’ 2 


2m dx 


= A 


f d -^ + U(x)^ 


( 


+ B 


h 2 d 2x ¥ 2 
2m dx 2 


+ U(x)A > 2 


- A ih 


S'F, 


+ 5 ifi 


5 y Y 2 

dt 


d 


= ih ftl A *l +B ' ¥ 2\ 


h 2 d 2 


d 


dt 

So, since - 

A x Y l (x,t) + B'V^ (x,t) is also a solution to the time-dependent Schrodinger equation. 


^ +5 x P 2 ] + (7(x)[J x P 1 -ril'Pj] = ih—\_AAV l +5'T 2 ], the combination 


17. (a) Substitute = Ae l(kr into both sides of the time-dependent Schrodinger equation, Eq. 

38-7, and compare the functional form of the results. 




2m dx 2 


2m dx 


f h 2 k 2 

2m 


+ U n 


Ae‘ 


(kx-cot) 


v dAe /(kx ~ al) ^ 

it, i = it i = ticoAe {kx ft,,) 

dt dt 
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Both sides of the equation give a result of ( constant )Ae (la m, \ and so tT(x,t) = Ae (k ' is 
valid solution, if the constants are equal. 

Now repeat the process for T'(xt) = Acos(kx - cot) . 

h 2 5 2x P TTX1I h 2 d 2 Acosikx - cot) , 

2m dx 2 ° 2m 


- + U 0 Acos(kx - cot) 


+ U 0 Acos(kx-cot) 


^d'V . dAcos(kx-cot) . . . 

in = in = in co A sm kx- cot 

dt 8t v ’ 

Because cos ( kx -cot)* sin (kx-cot) for arbitrary values of x and /, X ¥(x,t) = Acos(kx-cot) is 
NOT a valid solution. 

Now repeat the process for ¥ (x,t) = Asm(kx - cot). 

h 2 5 2x P TTX1I ft 2 d 2 Asmikx - cot) , , 

2m dx 2 ° 2m 


+ U 0 Asm(kx - cot) 


+ U 0 Asm(kx-cot) 


, 8 ^ . dAsmikx-cot) , _ ,, . 

in = in = -wcoAcosikx - cot 

dt dt v ’ 

Because cos(kx - cot) ^ sm(kx - cot) for arbitrary values of x and /, v F(x,/) = Asm(kx-cot) is 
NOT a valid solution. 

(b) Conservation of energy gives the following result. 

jr t t p~ t t h hk . , . h 2 k 2 Tr 

E-K + U- — + U n ;p = — = — -hk — > hco- + U n 

2m a In 2m 

We equate the two results from the valid solution. 

— + U 0 ) Ae i(kx ~ co,) = hcoAe i(kx - co,) -> — + U 0 = tico 
y 2m J 2m 

The expressions are the same. 


18. The wave function is given in the form y/( y x) = Asmkx. 

(a) A= — = 2L- r = 3.142 x 10“ lo m » [tTx 10“ lo m 

k 2.0x 10 °m“ 

( b ) p = — = 77 , — = 2.1 10x10 - 4 kg*m/s « 2.1 x 10 ‘ 4 kg*m/s 

y A 3.142x10“ °m 5 ' 


p 2.110x10 24 kg*m/s 

(c) v — — = tt 2 — — 

m 9.11xl0“ 3 kg 


2.3 x 10 6 m/s 


K _p 2 _ (2.110xlQ- 24 kg.m/s) 2 i 

2m 2(9.1 lxl0“ 31 kg) (l.60 x 10“ 19 J/eV) 


= 15eV 
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19.| The general expression for the wave function of a free particle is given by Eq. 38-3a. The particles 
are not relativistic. 

( „) t= ^ = ^ = ^ = ( 911 xirll M( 3 - 0xl °’ m / s ) =26xl0 » m -i 

X h h (l .055 x 10~ 34 J-s) 


V 


A sin 


(2.6xl0 9 m 1 )xj + ficos (2.6xl0 9 m 1 )x 


^ _ yr _ Zgj? _ my _ (l.67x 10~~ 7 kg)(3.0 x 10 s m/s) _ 4 ? xl( ,i: m -i 
X h Ti (1.055 X 1 O' 34 J-s) 


¥ = 


Jsin (4.7 x 10 12 m 1 ) jc J + Rcos (4.7xl0 12 m'')x] 


20. This is similar to the analysis done in Chapter 16 Section 6 for beats. Referring to Figure 16-17, we 
see the distance from one node to the next can be considered a wave packet. We add the two wave 
functions, employ the trigonometric identity for the sine of a sum of two angles, and then find the 

2 Jl 

distance between nodes. The wave numbers are related to the wavelengths by k - — . Since 

X l « X 2 , it is also true that k x ~ k 2 and so \(k x + k 2 ) « k. lvl , . We define A k-k x -k 2 . 

y/ -y/ x +y/ 2 - Asmk x x + Asink 2 x - A(smk x x + smk 2 x) = 2Asm\j 2 (k l +A' 2 )x]cos[j(A' 1 -& 2 )x] 

= 2Jsink avg xcos[}(M)x] 

The sum function will take on a value of 0 if -(M)x = {n + ^)n, n = 0,1,2.... The distance between 
these nodal locations is found as follows. 


x - 


2(n + i)n {2n + \)rt n 1 o A (2(n + 1) + l);r (2« + l)^ 2 n 

— , n — 0,1,2.... ^ /\x — — 

A k A k A k A k A k 


Now use the de Broglie relationship between wavelength and momentum. 

h . , A p 2 n 2 7th 

p = — — Tik — > A k - — ; Ax = — = — >■ 

X ti Ak Ap 


Ax A p - h 


21. The minimum speed corresponds to the lowest energy state. The energy is given by Eq. 38-13. 


= 


h 


8 mi 


T=l mV lin -> 


h 


6.63 xl0“ 34 J-s 


2 mi 2(9. 1 1 x 10' 31 kg)(0.20 x 10 _9 m) 


1.8 x 10 6 m/s 


22. We assume the particle is not relativistic. The energy levels are given by Eq. 38-13, and the wave 
functions are given by Eq. 38-14. 


Jrn r 
E„ = -r = — 


87mE 


Pi 

2 m 


Pn = 


hn 

21 


(2 . 

nnx\ 

— sin 

— 

if 

£ J 


rm , 2k 
->■ — = k n - — 
£ " X. 


21 h 

X n - — = — , which is the de Broglie wavelength 
« Pn 


23. (a) The longest wavelength photon will be the photon with the lowest frequency, and thus the 

lowest energy. The difference between energy levels increases with high states, so the lowest 
energy transition is from n = 2 to n = 1. The energy levels are given by Eq. 38-13. 


E„ = n 2 


h~ 

8 mt 


= n 2 E x 
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c he he he 1 

(6.63x1 0‘ 34 

J-s) 

(3.00 x10 s m/s) 

v AE E 1 - E x 4 E x - E x 

31 

'9.0eV) 

(l.60xl0~ 19 J/eV) 

1 


4.6x10 m 


( b ) We use the ground state energy and Eq. 38-13. 
h 2 


E ,= 


£ = 


87 nH 1 
h 


->• 


(6.63x10‘ 34 J-s) 


1 ^ 8 ( 9 . 1 1 X 10“ 3l kg)(9.0eV)(l.60 x 10 -19 J/eV) 


2.0xl0“ 10 m 


24. The energy levels for a particle in a rigid box are given by Eq. 38-13. Use that equation, evaluated 
for n = 4 and n = 1, to calculate the width of the box. We also use Eq. 37-3. 


A£ = hv = - = E 4 -E x 


If 


A 






-» 


£ = 


15 

(6.63 xlO^ 34 J-s 

) (340 x 10“ 9 m) 

8 ( 

9.11xl0“ 31 kg)( 

3.00xl0 8 m/s) 


1.2 x 10“ 9 m 


|25.| We assume the particle is not relativistic. The energy levels give the kinetic energy of the particles 
in the box. 

„ If p] j h 2 11/7 . .1 1 h 

1 2m 1 4f 2 1 11 2 £ 1 11 £ 

h 

AxAp ~ £— = h 

This is consistent with the uncertainty principle. 


26. The longest wavelength photon will be the photon with the lowest frequency, and thus the 

lowest energy. The difference between energy levels increases with high states, so the lowest energy 
transition is from n = 2 to n = 1. The energy levels are given by Eq. 38-13. 


A E = hv = - = E 2 -E l =-^(2 2 -l 2 ) 
A ~ 1 8777 f 2 v ' 


-» 


£ = 


1 3 

(6.63x10^ 34 J.s( 

)(610xl0“ 9 m) 

8 ( 

9.1 1 x 10“ 3l kg)( 

(3.00 x10 s m/s) 


7.4 x 10~ lo m 


27. The energy levels for a particle in an infinite potential well are given by Eq. 38-13. The wave 

[2 

functions are given by Eq. 38-14 with A = A—. 


Ey = 


(6.63 x 10“ 34 J*s) 2 


0.38eV 


8 777 £ _ 8(9.1 1 x 10“ 31 kg)(2.0 x l(T 9 m)~ (l.60 x 10" 19 J/eV) 

E 2 = 2 2 £' i = 4(9.424 x l(T 2 eV) = 

E 3 =2fE l =9(9.424 x 10" eV) = [ 

E 4 =4 2 E t =16(9.424 xlO _2 eV) = 


■ = 9.424 xl O' 2 eV 


0.094 eV 


0.85 eV 


1.5eV 
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i { l 


nn 


f»^ 7 sin ~iT x ; Wi = 


1 2.0 nm 


- sin 


2.0nm 


(l.Onm 1/2 )sin (l.6nm ')xj 


¥ 2 
¥ 4 


(l.Onnr 172 ) 

sin 

" 

3.1nm _1 

X 


(l.Onrn- 172 ) 

sin 

" 

6.3nm 1 

X 


¥ 3 


(l.0nnr 1/2 )sin[(4.7nnr')x] 


28. The wave functions for an infinite square well are given by Eq. 38-14. 

. . ( nn \ i ,2 nn 

¥ n =^ sm l — x I ; |^„| =4 sin y x 

I |2 9 

(a) The maxima occur at locations where i// I = T~. 


21 ti/r 
sin — x 
£ 


= 1 -> 


UK 


= {m + j)n, m = 0,1,2, •••« -1 — > 


2?77 + 1 

2/7 


£, 777 = 0 , 1, 2, • ■ • n - 1 


The values of m are limited because x < L 
( b ) The minima occur at locations where |i//„ |“ = 0. 


2 1 nn 
sm — x 
i 


nn 


= 0 — > — x = mn, 777 = 0 , 1 , 2 , •••« — > 


777 


= —t, 777 = 0,1,2,- ••77 


29. The energy levels for a particle in a rigid box are given by Eq. 38-13. We substitute the appropriate 
mass in for each part of the problem. 

(a) For an electron we have the following: 


E = 


r 2 2 

/? 77 


(6.63x10“ 34 J-s)‘ 


8?77f- 8(9.11 x 10 31 kg)(2.0 x 10“ l4 m)" (l.60 x 10~ 13 J/MeV) 

( b ) For a neutron we have the following: 

h 2 n 2 _ (6.63x10- 34 J.s) 2 


940 MeV 


E = 


8(1.675 x 10“ 27 kg)(2.0 x 10' 14 m)~ (l.60 x 10 13 J/MeV) 
(c) For a proton we have the following: 

h 2 n 2 _ (6.63x10- 34 J.s) 2 


0.51 MeV 


F = 


8 «^ 2 8(1.673 x 10' 27 kg)(2.0 x 10 14 m) 2 (l.60 x 10“ 13 J/MeV) 


0.51 MeV 


30. The energy released is calculated by Eq. 38-13, with tz = 2 for the initial state and n = 1 for the final 
state. 

\2 


AE -E 1 -E x - (2 2 - 1 1 ) 


n 


3(6.63 xlO~ 34 J*s) 


8 «^ 2 8(l.67 x 10' 27 kg)(l.0 x 10“ 14 m)~ (l.60 x 10" 13 J/MeV) 


= 6.17MeV 
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31 -| (a) The ground state energy is given by Eq. 38-13 with n = 1. 

h 2 n 2 (6.63xl(T 34 J.s) 2 (l) 

o/oo \/i in-27 

n = 1 


E, = 


8ml 2 


8(32u)(l .66 x 10“ 27 kg/u) (4.0 x 10“ 3 m)~ (l .60 x 1 0~ 19 J/eV) 


= 4.041 xlO' 19 eV* 4.0x 10~ 19 eV 


(b) We equate the thermal energy expression to Eq. 38-13 in order to find the quantum number. 
h 2 n 2 


\kT = - 


8ml 2 


-» 

l 


. V r 7 r (4.0x10 3 m) 

« = 2V^- = 2^(E38xl0“ 23 J/K)(300K)(32u)(E66xl0“ 27 kg/u)^____Z_ 


2x10 s 


= 1.789x10“ 

(c) Use Eq. 38-13 with a large-77 approximation. 

h 2 Vf h 2 


A E = E. 


-E = 


8ml 1 - 


(n + l) -n : 


8ml' 


(2n + 1) « 2/7 — 7 = 2 / 7 E, 
V ' 8/7 ?£ 2 1 


= 2(1.789 x 10 8 )(4.041 x 10 _19 eV) = |l.4xlO~ 1Q eV 


32. Because the wave function is normalized, the probability is found as in Example 38-8. Change the 


variable to 9 - r ^L an( j then d 0 = — dx. 

I l 


P ~ C \¥ n \ d x = — f sin 2 '——dx = — — f sin 2 Odd- — f sin Odd 
J |f "' 9 J 9 9 J M TT J 


nnx 2 / f 


l 


l 


l nn 


nnx i ji 


nn , 


] 0.65 nn 
D.7>5nn 


= — \\9- \sin29\ 
nn 

(a) For the n = 1 state we have the following: 

P = sm2d]° o Hl = — [1(0.30^) - T(sinl.3^-sin0.70^)] = 0.5575 « 0.56 

( b ) For the n = 5 state we have the following: 

P = j-[± 6 - }sin2 = j-[i(l .5 n) - i(sin6.5/r - sin3.5/r)] = 0.2363 « 0.24 

(c) For the n = 20 state we have the following: 

P = — — U-0- lsin20l' 3;r = — *— P -i-6/r — |(sin26/r- sin 14/r)l = 0.30 
20 n Vl 4 j7 * \0n l2 4V 

(d) The classical prediction would be that the particle has an equal probability of being at any 


location, so the probability of being in the given range is P - 


0.65 nm- 0.35 nm 
l.OOnm 


that [the probabilities approach the classical value for large n. 


= 2 


33. Consider Figure 38-9, copied here. To consider the problem with 
the boundaries shifted, we would not expect any kind of physics to 
change. So we expect the same wave functions in terms of their 
actual shape, and we expect the same energies if all that is done is to 
change the labeling of the walls to x = - \l and x = \l. The 

mathematical descriptions of the wave functions would change 
because of the change of coordinates. All we should have to do is 
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shift the origin of coordinates to the right by \ L Thus we might expect the following wave 
functions and energies. 


¥n 


1171 


n ■ f 

— sin — x 
£ i 


-» 


^=V7 sm 




[2 . 

TIK . 2 

= J— sm 

X + kllK 

J V£ 

l i 2 J 


[2 . ( K . ^ 


[2 (k \ 


h 2 

— sin —x + \k 


, — cos —x 

9 A - 


u U J 


V£ U ) 

Sllll 2 


n = 2: y/^ 


-sm 


, 2 . (3tt , a 

V£ l l 2 j 


2k 

T 

\k 

I 


-X + K 


\ 

12 . 

(2k \ 

— 

-sin — x 

/ 


\ 1 j 


■ F - 
, 1^2 — 


4h 2 


8mH 2 


2 . (3k 


— sin 

e 


■X + -tTT + TC 

i 2 


2 . 


3k , 

X + T K 

i 2 


-\lr os 


3k 

T' 


• F 

■ -*^3 


9 h 2 


8 mi 


. [2.(4 K 

n-4: y/ A - J— sinl — x + 2k 


12 . 

( 4k \ 

, -sm — 

\e 

\ i ) 


’ E 4 = 


I 6 / 7 2 


8777-f 2 


For any higher orders, we simply add another 2k of phase to the arguments of the above functions. 
They can be summarized as follows. 

77 odd: if/ = T (-1) 1 " 1, 2 


1 /2 ( 

nKx 2 

J— cos 



, i J 


2 / 2 

E = — 

’ " 8 / 77£ 2 


77 even: 1// = 


(-1 r 


2 . 

— sm 

£ 


nKX 

~r 


, E n = 


trh 2 

877?£ 2 


Of course, this is not a “solution” in the sense that we have not derived these solutions from the 
Schrodinger equation. We now show a solution that arises from solving the Schrodinger equation. 
We follow the development as given in Section 38-8. 


2mE 


As suggested, let i//(x) = Asm(kx + </>). For a region where U (x) = 0, k - ^ ^ 2 (Eq. 38-1 la). 

The boundary conditions are - Asm(-\kl + (j)) = 0 and y/(\H ) = ^sin^H + (j>) = 0. To 

guarantee the boundary conditions, we must have the following: 

Asm(-\kl + eft) = 0 — > -\ki + (/) = mK ; Asin(jk( + cf) = 0 — > \kH + cj) = nK 

Both 77 and 777 are integers. Add these two results, and subtract the two results, to get two new 
expressions. 

\kH + (j)-nK , . 1 . . 

— > 0 = j(n + m)K ; k = —(n-m)K 


-\kl + </> = mK 


h 2 k 2 hi 1 K 2 (77 - 77?) 2 / 7 2 (t 7 - 777 ) 2 


So again we have an energy quantization, with E = 

2m 2mr %mV 

m = 11 is not allowed, because this leads to k = 0 , (j)- iik, and \f/(x ) = 0 . 


. Note that 


Next we normalize the wave functions. We use an indefinite integral from Appendix B-4. 
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ip(x) - Asm(kx + (/i) = rtsin 


-(77 -m)nx + \{n + m ) 


n 


J |^| 2 dx = J A 2 sin 2 


-a 


-^-(77 -m)7tx + \(n + m)z | dx = 1 


1 


let 9 = -{n -rn)7rx + \{n + m)K — > dx- 


£ 


(77 -777), 


-dO 


x-\£ — > 9-nn \ x--\£ — > 9-mK 


1 = J \j/\ dx = 


A 2 £ 


(77 -777) 


7t 


| sin 2 9 d 9 


A 2 ( ( . ^ A 2 £ (; n-m)n A 2 £ 

(77 -m)7T v mK (77 -m)n 2 2 


- .4= 12 


l 'it 

This is the same as in Section 38 - 8 . Finally, let us examine a few allowed cases. 


K 


2 . ( 


K 


77 = 1 , 777 = 0 : k — (/) — \k y / l0 = , -sin — x + \k 


l 


2 n 


£ { £ 


[2 

' K \ 

J— cos 

— X 

V£ 

J J 


■ F 

■ c l,0 


8 777 T 2 


7; = 2 , 777 = 0 : k = — , (/)- n — > y/ 1Q - J— sinj — x + k 


2k 


£ 


£ 

3 n ^ 

n = 3 ,m = 0 :k = — , </>-\k — > y/?,a = J— sin I — x + j/r 


2 . (2k 


£ 


£ 


£ 


[2 . ( 
-A— sm 
\£ { 

2 k 2 

• F - 

’ ^ 2,0 

4 h 2 

X 

. £ ) 

?>m £ 2 

[2 . 1 

' 3 k 

\ 


= A— sin 



\£ \ 

v l 

/ 



= \J Sm 


3k . 
— x + Fk 

£ 2 


(2 

( 3 k \ 

— cos — X 

\£ 

l £ ) 


• F 

■ -^3,0 


9 h 2 


&m£~ 


4 k 


2.(4 K 


77 = 4 , 777 = 0 : k = —, (j) = 2 K — > ^ 40 = sin | —x + 2 k 


£ 


£ 


1 2 . ( 4k ^ 
— sin — 

' £ 


■ F 

■ -^4,0 


16/7 2 


8777-F 2 


These are the same results as those obtained in the less formal method. Other combinations of m and 
77 would give essentially these same results for the lowest four energies and the associated wave 
functions. For example, consider n =4, 777 = 1. 


3 k 


77 = 4, 777 = 1: k - — , <f> = \k -> y/ AX = A /— sin| — x + {k 


12 

( 4k \ 

J— cos — 

V£ 

y £ j 


■ F 

■ ^4,1 


£ 


3 k 


£ 


( 3 k 


- J— sin | — r + j-K 


£ ( £ 


9 h 2 


Sm £ 2 


We see that i// 4 , = -i// 3 0 and that both states have the same energy. Since the only difference in the 

wave functions is the algebraic sign, any physical measurement predictions, which depend on the 
absolute square of the wave function, would be the same. 


34. We choose the zero of potential energy to be at the bottom of the well. Thus in free space, outside 
the well, the potential is U 0 = 56 eV. Thus the total energy of the electron is E - K + U 0 - 236 eV. 
(a) In free space, the kinetic energy of the particle is 180 eV. Use that to find the momentum and 

then the wavelength. 

2 1 

K-^— — > p = \j2mK =— — > 

2m A 
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X - h - 

(6.63x10‘ 34 J-s) 

- 9 15xlfT n m 

\jlmK 

"2(9.1 lxl0‘ 31 kg)(l80eV)(l.60xl0' 19 J/eV)’ 

I" 

( b ) Over the well, the kinetic energy is 236 eV. 

h (6.63x10“ 34 J-s) 

- 7 99xl0“ 1I m 

\j2mK 

"2(9.1 lxl0‘ 31 kg)(236eV)(l.60xl0 l9 J/eV) 

r ' 


( c ) The diagram is qualitatively the same as Figure 38-14, 

reproduced here. Notice that the wavelength is longer when 
the particle is not over the well, and shorter when the 
particle is over the well. 





x=0 


x = t 


35. We pattern our answer after F igure 38-13. 



■ 7XAAA 

AAAAA 


36. ( a ) We assume that the lowest three states are bound in the well, so that 
E <U 0 . See the diagrams for the proposed wave functions. Note 
that, in the well, the wave functions are similar to those for the 
infinite well. Outside the well, for x > t, the wave functions are 
drawn with an exponential decay, similar to the right side of Figure 
38-13. 


(b) In the region x < 0, y/ = 0 


In the well, with 0 < x < £, the wave function is similar to that of a 
free particle or a particle in an infinite potential well, since (7=0. 

\l2mE 


Thus y/ = Asmkx + B sin kx , where k — 


ti 


In the region x > £, y/ — De 


where G - 


V? m(U 0 -E) 


Ti 



37.| We will consider the “left” wall of the square well, using Figure 38-12,1 and assume that our answer 
is applicable at either wall due to the symmetry of the potential well. As in Section 38-9, let 
y/ = Ce Gx for x < 0, with G given in Eq. 38-16. Since the wave function must be continuous, 
y/{x = 0) = C. The energy of the electron is to be its ground state energy, approximated by Eq. 38- 
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13 for the infinite well. If that energy is much less than the depth of the well, our approximation will 
be reasonable. We want to find the distance x for which ^(x) = 0.010^(0). 

(6.63x10 _34 J-s) 2 


E = 


8 mt 8(9.1 lxl0‘ 31 kg)(0.16xl0 _9 m)"(l.60xl0' 19 J/eV) 

'rW = cfL = e <* = 0010 _> x ln(Q - Q1Q) Mn (°- Q1Q ) 

^(0) C ‘ G pm(U 0 -E) 

(1.055 xl0' 34 J.s)ln(0.010) 

2(9.1 1 x 10“ 31 kg)(2000eV - 14.73eV)(l.60 x 10“ 19 J/eV) 


= 14.73 eV«t/ n 


x = 


= -2.0 x 10“"m 


The wave function will be 1.0% of its value at the walls at a distance of 
from the walls. 


2.0x10 "m = 0.020 nm 


38. We use Eqs. 38-17a and 38- 17b. 


rp -2 Gt , ^ In T ^ 2 m(U 0 -E) In T , 

1 - e — > G = — : G = , r = — — >• 


21 


21 


* 2 f- lnr V-14eV- 

(1.055 xlO~ 34 J-s) 2 

ln(0. 00050) 

7 1 ^ 

2m ly 21) 

2(9.11xl0“ 31 kg) 

2(0.85xl0“ 9 m)^ 

7-60xlO‘ 19 J/eV J 


= 14eV-0.76eV = 13.24eV: 


13eV 


39. We use Eqs. 38-17a and 38-17b to solve for the particle’s energy. 

In T 


T = e - 2Gt -> G = -- 


21 


2m(U 0 -E) lnT 
G — , ' — 


E = U n -—\ - 


\nT 


r n 

\ 2 r 


2m v 21 


- 18eV- 


(1.055 xlO- 34 J-s) [ ln(0.010) 

2(9.1 lxl0' 31 kg) [ 2(0.55 xl0' 9 m) 


v 1.60xl0“ 19 J/eVy 


= 17.33eV« 17eV 


40. We use Eqs. 38-17a and 38-17b to solve for the transmission coefficient, which can be interpreted in 
terms of probability. For the mass of the helium nucleus, we take the mass of 2 protons and 2 
neutrons, ignoring the (small) binding energy. 

Proton: 


G = 


^2m{U 0 -E) ^2(1.67 x 10- 27 kg)(20.0MeV)(l.60 x 10“ 13 J/MeV) 

h ~ (1.055 xlO' 34 J.s) 


= 9.799 xl0 l4 nr 


2 Gi = 2(9.799 x 10 14 m _I )(3.6 x 10“ 15 m) = 7.056 ; T pmton = e“ 2Gf = e“ 7 ' 056 = |8.6xlQ- 


Helium: Mass = 2m proton + 2m neutron = 2(l.673xl0 27 kg) + 2(l.675xl0 27 kg) = 6.70 x 10 27 kg 

^2 m(U 0 -E) N /2(6.70xl0- 27 kg)(20.0MeV)(l.60xl0 13 J/MeV) 

h ~ (1.055 xlO“ 34 J*s) 


G - 


= 1.963 xl0 15 nT' 


2Gl - 2(l.963 xl0 l5 m _1 )(3.6 x 10 _15 m) = 14.1 12 ; T H 


: e ~2Gl = g -14.112 


7.4x10 


-7 
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41. (a) The probability of the electron passing through the barrier is given by Eqs. 38-17a and 38-17b. 


-21 


pm(U 0 -E) 

T = e~ 

2 ^2 m(U 0 -E) 


= 2(0.25 x 10~ 9 m) 


^2(9.1 lxl0“ 31 kg)(l.2eV)(l.60xl0~ 19 J/eV) 
(1.055 x 10 34 J-s) 


= 2.803 


j = e -£-wi = 6.063x10 « 6.1% 


(. b ) The probability of reflecting is the probability of NOT tunneling, and so is |93.9% 


42. The transmitted current is caused by protons that tunnel through the barrier. Since current is directly 
proportional to the number of charges moving, the transmitted current is the incident current times 
the transmission coefficient. We use Eqs. 38-17a and 38- 1 7b. 


- 21 - 


pm(U 0 -E) 


T = e 


= 2(2.8 x 10“ 13 m) 


^2 (l .67 x 10~ 27 kg)(l.0MeV)(l.60 x 10^ 13 J/eV) 


(1.055 x 10^ 34 J.s) 

T = e“ 122 ' 86 -> logT = (-122. 86)loge = -53.357 -> T = 10^ 53357 = 4.4 x 10~ 
I-I 0 T = (l.0mA)(4.4 x 10“ 54 ) = [ 


= 122.86 


4.4 x 10 mA 


|43.| The transmission coefficient is given by Eqs. 38-17a and 38-17b. 

(a) The barrier height is now 1.02(70eV) = 71.4eV. 

,^2(9.1 1 xl0~ 31 kg)(21.4eV)(l.60x 10~ 19 J/eV) 


21 


= 2(0.10xl0-«m): 


(1.055 x 10“ 34 J-s) 


= 4.735 


~ E ) 

T = e h 


„-4.735 _ o -?oo .. 1 n-3 T 8.782x10 


= 8.782 xl0~ 3 ; — = ■ 


0.010 


= 88 


12% decrease 


( b ) The barrier width is now 1.02(0.10nm) = 0.102nm. 




j2m(U 0 -E) 


■ 2(0.102xl0“ 9 m) 


^2(9.1 1 x 10“ 31 kg)(20eV)(l.60xl0“ 19 J/eV) 
(1.055 x 10“ 34 J-s) 


= 4.669 


T = e 


2l sl 2m ( u q E ) y 9 387x10 -3 

n =e - 4 - 669 = 9.382 xl0~ 3 ; — = - = 93.8 -> 6.2% decrease 

T 0 0.010 


44. We assume that the wave function inside the barrier is given by a decaying exponential, so 
y/(x) = Ae~ Gx . 


T = 


</(* = £)[ 2 _(Ae~ Gl ) 2 
y/(x = Q>)\ A 1 


-2 Gl 
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45. (a) We assume that the alpha particle is at the outer edge of the nucleus. The potential energy is 
electrostatic potential energy, and is found from Eq. 23-10. 


U„ 


i Q& 


4 ns. 


, . ,(2)(90 (1.60x10 l9 C) 

■ - (8.988 x 10 9 N • m 2 /c 2 )— — — — 

V ' ’ 0 x 10“ 5 m 


0 'surface of 
nucleus 


= 32.36 MeW 


32MeV 


0 b ) 


The kinetic energy of the free alpha particle is also its 
total energy. Since the free alpha has 4 MeV, by 
conservation of energy the alpha particle had 4 MeV of 
potential energy at the exit from the barrier. See the 
diagram, a copy of Figure 38-17, modified to show U= 
0 inside the barrier, and stated in part (c). 

r 


^ex,t = 


i Q& _ i Q& 


' surface of 
nucleus 


4^ 0 ^exitfrom 


A/TSq Surface of ^exit from 


nucleus 


IMeV 


1.60 x 10“ J 



= U„ 


nucleus 


— » 


u„ 


32.36MeV 


' exit from 
barrier 




nucleus 


(8fin) = 64.72 fm 


^ r ~ r exit from Surface of 

barrier nucleus 


4 MeV 

= 64.72 fm - 8 fm = 56.72 fm ; 


57fm 


(c) 


We now model the bamer as being rectangular, with a 
width of r bamer = {(56.72 fm) = 18.9fm. The barrier exists 

at both boundaries of the nucleus, if we imagine the 
nucleus as 1 -dimensional. See the diagram (not to scale). 
We calculate the speed of the alpha particle and use that 
to find the frequency of collision with the barrier. 


E — K = \mv 

2 

l2E 

2(4 MeV ) (l .60 x 1 O' 13 J /MeV ) 

V m ^ 

4(l.67 xlCT 27 kg) 



16fm 


= 1.38 x 10 7 m/s « 

Note that the speed of the alpha is less than 5% of the speed of light, so we can treat the alpha 
without using relativistic concepts. The time between collisions is the diameter of the nucleus 
(16 fm) divided by the speed of the alpha particles. The frequency of collision is the reciprocal 
of the time between collisions. 

/ = - = L38xl0 , m /s = 8.625 x 10 20 collisions/s * 
d 16 x 10“ 15 m ' 

If we multiply this collision frequency times the probability of tunneling, T, then we will have 
an estimate of “effective” collisions/s, or in other words, the decays/s. The reciprocal of this 
effective frequency is an estimate of the time the alpha spends inside the nucleus - the life of 
the uranium nucleus. 


8.6 x 10 20 collisions/s 


1.4 x 10 7 m/s 
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G = 


= 2.33 x 10 l5 irf 1 



(1.67x10 27 kg)( 

^32.36MeV -4MeV) 

(1.60x10 13 J/MeV) 


(1.055 x 10“ 34 J-s) 

l 


T - e 2Gt ; Lifetime = — — = 


1 1 


f e (8.625 x 10 20 collisions/s)e 33x10 m 
= 2.06 x 10 17 s 


l 15 rv,“lV 10 Qv1tr 15 n 


j lyr 


7 x 10 9 yr 

l 3.156x 10 7 s ) 




46. We find the lifetime of the particle from Eq. 38-2. 
n (1.055 X 10“ 34 J.s) 


A t > 


A E 


(2.5GeV)(l.60 x 10“ 10 J/GeV) 


2.6 x 1 O' 25 s. 


47. We use the radius as the uncertainty in position for the neutron. We find the uncertainty in the 
momentum from Eq. 38-1. If we assume that the lowest value for the momentum is the least 
uncertainty, we estimate the lowest possible kinetic energy (non-relativistic) as 


£ = 


h 


\ 2 


(A p ) 2 _ [at J _ ( L055 x 10“ 34 kg-m/s)- 


2 m 2 m 2(l.67 x 10' 27 kg)(l.2 x 10~ 15 m)~ 

= 14.46 MeV: 


= 2.314 x 1 0“ 12 J 1 1MeV 


1.60x 10“ I3 J 


14 MeV 


48. The energy levels for a particle in an infinite potential well are given by Eq. 38-13. The wave 

[ 2 

functions are given by Eq. 38-14. with A = Jj. 


, , F h 2 

{a) E,= — 


(6.63x10 _34 J-s) 2 


8(1.67 x 10‘ 27 kg)(2.5 x 10' ‘ l5 m)‘ (l.60 x 10^ 13 J/MeV) 
E 2 - 2 2 E l = 4(32.90 MeV) - |l30MeV 


■ = 32.90 MeV: 


3 3 MeV 


E 3 = 3 2 £ 1 =9 (32.90 MeV) = 


300 MeV 


(2 sig. fig.) 


E 4 = A 2 E x =16(32.90 MeV) = 


, u , |2 • ( nit 

(« r. = J 7 ™l T * 


530 MeV 


V\ = 
V 2 = 

^3 = 

Ya = 


■sm 


2.5 x 10 m l 2.5x10 m 


n 


-x 


■sm 


2.5 x 10“ 15 m l 2.5 x 10~ 15 m 


j 

In ^ 
x 


-sm 


2.5 x 10“ 15 m l 2.5 x 10~ 15 m 


/ 

3 n ^ 

x 


■sm 


2.5 x 10“ 15 m 1 2.5 x 10^ 15 m 


An 


(2.8 x 10 7 m _1/2 ^ 

sin 

J 

1.3xl0 15 m _1 ) 

X 


(2.8xl0 7 m“ 1/2 ) 

sin 


2.5xl0 15 m -1 ^ 

x] 


(2.8 x 10 7 m“ 1/2 

sin 

" 

'3.8xl0 ls m _I ) 

x] 


(2.8xl0 7 m“ 1/2 ) 

sin 


5.0 x 10 15 m'^ 

X ] 
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(c) AE = E 2 -E l = 4E l -E l = 3E l = 3(32.90MeV) = 98.7MeV< 


99MeV 


(6.63 xl0' 34 J-s)(3.00xl0 8 m/s) , 

1.3 x 10~ l4 m 

(98.7MeV)(l.60xl0 13 J/MeV) _ 



he he 

AE = — -> A = 

A AE 

This is in the gamma-ray region of the EM spectrum, as seen in Fig. 31-12. 


K9 


We find the wavelength of the protons from their kinetic energy, and then use the two-slit 
interference formulas from Chapter 34, with a small angle approximation. If the protons were 
accelerated by a 650-volt potential difference, then they will have 650 eV of kinetic energy. 
h h 

A- — - , ; t/sint? = mA, m - 1,2, ... ;y = t tant? 

p y J2m 0 K 


■ r> r> m A v mAt . _ 

smt/ = tant/ -> = — — » y = , m-l,2 , ... — > 

d i d 


At ht 


(6.63xl0' 34 J-s)(l8m) 

d dyj2m 

0 K ( 

8.0 x 10“ 4 m)^2(l.67 x 10" 27 kg)(650eV)(l.60 x 10' 19 J/eV) 

2.5 x 10~ s m 




50. We assume that the particles are not relativistic. Conservation of energy is used to find the speed of 
each particle. That speed then can be used to find the momentum and finally the de Broglie 
wavelength. We let the magnitude of the accelerating potential difference be V. 

h 


^initial final 


— > eV - t mv 2 


-» v = 


2eV 


m 


Ax A p = — — > A p ■ 
2 n 


2 7th 
Ax 


2 7th 


A P> 


proton 


Ax 


proton 


Ax. 




„eV 


A Pc 


2 nh 


Ax, 


Ax- 


proton 




proton 


eV 




h 


mv 


m 


2eV \j2meV 


— Ax 


m 


m 


proton 


f m 


electron 


1 1.67 x 10~ 27 kg 
' 9.1 1 x 10“ 3l kg 


43 


51. We use Eq. 37-10, Bohr’s quantum condition. 

h h 

mvr n — n — — > mvr x = n — > mv = p = — - Ap 
2 n t\ 

Ax A p aft — > Ax a — — = — = /: 

Ap fi/r] 

The uncertainty in position is comparable to the Bohr radius. 
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52. (a) See the diagram. 

(. b ) We use the solution i// (xj = Ae~ Bx in the 
Schrodinger equation. 

A - Bx 1 dy/ ^ AD -Bx 1 

y/ = Ae ; = -lABxe 

dx 


d 2 y/ 

dx 2 


= -2 A Be 


-2ABx(-2Bxe Bx j 


= 2{2Bx 2 -l)ABe~ 



tr d 2 y/ 
2m dx 2 


+ U X ¥ = -—[ 2(2 Bx 2 - 1 )ABe~ Bx2 1 + \Cx 2 Ae ~ Bx2 = EAe 

2m L v > J 2 




f trB ) 

f 

E 

+ 

V m ) 

V 


if- 

2 


2tr B 1 ' 
m 


x 2 =0 


This is a solution if 
and let a> = yJC/m. 


trB 


m 


= E and \ C = 


2 trB 2 


m 


. Solve these two equations for E in terms of C, 


-C - 

2 


2 TfB 2 


m 




yjmC ' _ trB _ hr yjmC _ , 


„ yfmC m r—j — com 

B = — \C m 

2 h 2 tr ' 


2 h 

am, 
2 ti 


m 


m 2ti 


jtuJC/m = \tia> 


53. We assume the alpha particle is in the ground state. The energy is given by Eq. 38-13. 
h 2 (6.63xKT 34 J.s) 2 


Ei = 


8 mH 2 8 (4) (l .67 x 10 _27 kg)(l.5 x 10“ 14 m) 2 (l.60 x 1(T 13 J/MeV) 


= 0.2285MeV 


0.23 MeV 


The speed can be found from the kinetic energy. The alpha is non-relativistic. 


El 8 ml 2 


1 2 

-jmv —> v 


1 

(6.63x10“ 3 ‘ 

4 J-s) 

l 

21 

(4) 

( 1.67 x io -27 kg) 

(l.5xl0" 14 m) 


3.3 x 10 6 m/s 


54. From energy conservation, the speed of a ball after falling a height H, or the speed needed to rise to a 
height H, is v = \j2gH . We say that the starting height is H 0 , and so the speed just before the ball 

hits the ground before the first bounce is v 0 = ^2 gH 0 . After that bounce, the ball rebounded to 
H j = 0.65 H 0 , and so the speed right after the first bounce, and right before the second bounce, is 
v, = y]2gH l - ^2g(0.65)//„. Repeated application of this idea gives the maximum height after n 

bounces as H n - (0.65)" H 0 , and the maximum speed after n bounces as v n - ^2g(0.65)“ H 0 . The 

uncertainty principle will come into play in the problem when the maximum speed after a bounce is 
of the same order as the uncertainty in the speed. We take the maximum height as the uncertainty in 
the position. 

mAv , = Ap ; AvAd ~ hi — » ;wAv„ « — — > mv„ « — > 

y x y ' y x y y a tl t T 

Ay H„ 
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m 


2g(0.65)X 


(0-65 )"H 0 


2m 2 g (0.65)" El 0 


-> 


In 


(0.65) 3 


2 nrgHl 


— > n 


f n2 ) 

In 

\ 2tn 2 gHl J 



(0-65)-" Hi 

(1.055 xlO“ 34 J.s) 2 

2(3.0 x 10~ 6 kg) 2 (9.80m/s 2 )(2.0m) 3 


31n(0.65) 31n(0.65) 

After about 105 bounces, the uncertainty principle will be important to consider. 


105 


[5 5 -| We model the electrons as being restricted from leaving the surface of the sodium by an energy 
barrier, similar to Figure 38-15a. The difference between the barrier’s height and the energy of the 
electrons is the work function, and so U Q - E = W 0 = 2.28 eV. But quantum mechanically, some 
electrons will “tunnel” through that barrier without ever being given the work function energy, and 
thus get outside the barrier, as shown in Figure 38- 15b. This is the tunneling current as indicated in 
Figure 38-18. The distance from the sodium surface to the tip of the microscope is the width of the 
barrier, i. We calculate the transmission probability as a function of barrier width by Eqs. 38- 17a 
and 3 8- 17b. The barrier is then increased to i + Af, which will lower the transmission probability. 


2GA£ = 2A£ 


f n,(U,-E) in -, m J2(9.1Ixl0-'kg)(2.28eV)(l.60xl0-’J/ev) 

h ' ■ x (1.055 x icr 34 J*s) 


= 0.3091 

_ „-2Gl . T _ -2G(£+A£) . T 


T 0 = e 


-2G(£+A£) 

e ———— = e~ 2GM = e -0 ' 3091 = 0.734 


The tunneling current is caused by electrons that tunnel through the barrier. Since current is directly 
proportional to the number of electrons making it through the barrier, any change in the transmission 
probability is reflected as a proportional change in current. So we see that the change in the 
transmission probability, which will be reflected as a change in current, is a decrease of 27% . Note 
that this change is only a fraction of the size of an atom. 

56. The time independent Schrodinger equation with U= 0 is — d V _ ^y 

2m dx~ 


tr d 2 y/ 


h 2 d 2 


(Ae“’) = -^(-C)Ae' 


trk 2 


2m E 


2m dx 2 2m dx 2 v ’ 2m v ’ 2m 

We see that the function solves the Schrodinger equation. 


V 


2 m 


-y/ - Ey '/ 


[2 . ( 

" nn N 

— sin 

— X 

U ( 

. i ) 


57. The wave functions for the particle in the infinite well are y/ n = y— sin | -yyx |, as derived in Section 
38-8. A table of integrals was consulted to find J x 2 (sin 2 ax^dx. 


1 2 . 
— sm 
l 


= J x 2 \y/ n | 2 dx - J 1 

0 

Note that | x 2 (sin 2 ax ) dx - 


nn 

T' 


dx- — \x 2 sin 2 — — x dx 

(J 0 


f x 2 


1 


r sin2ax- 

4 a 8 a , 


nn 

J 

xcos2 ax 
4 a 2 
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2 2 r 2 • 2 f tfilt 

x - — x sm — x 
9 J \ 9 


dx - — 

i 


x 

~6~ 


nn 


. ( Inn \ 


Inn \ 

xcos| x 

£ 


y 


( nn ' 

3 

V l ) 

.( nn\ 

A 

ItJ 

y 




MW 


See the adjacent graph. The 
spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_1SM_CH38.XLS,” on 
tab “Problem 38.57.” 
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58. (a) To check that the wave function is normalized, we calculate I w (x)~ dx. 


oo oo < .V O 00 

jV(x)| 2 dx= \~^e b dx = -tf \ 


2_ 

V 2 


xe h dx = — 
b 2 


b 2 -¥ 
e b 

2 


= — (0— 1) = 1 


We see that the function is normalized. 

i \ |2 

(b) The most probable position is that for which i//(x)~ is maximized. That point can be found by 
d\y/{x)\ 


solving 


dx 


- = 0 for x. Since we are only considering x > 0, we need not use the absolute 


value signs in the function. 
d 


r/L-(x)‘ 


X .2 
-xe b 


Ae v +4L.I \ e r = o 


. 2x 2 


0.71nm 


dx dx 

b _ l.Onm _ 

X_ V2 

This value for x maximizes the function, because the function must be positive, and the function 
is 0 at x = 0 and x = oo. Thus this single local extreme point must be a maximum. 

(c) To find the probability, we integrate the probability density function between the given limits. 

0.50 nm 0.50 nm 


P = 


| |^(x)| 2 c£x= J 


— e bl dx = 
b 2 


_± P v 
2 e 


TW")-H)=in 
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59. (a) We assume the pencil is a uniform rod, and that it makes an angle of (f) with the 
vertical. If the bottom point is fixed, then the torque due to its weight about the 
bottom point will cause an angular acceleration. See the diagram. 

r-la — » »2g(jf)sin^ = \mf~ 

From the equation, if the pencil is exactly upright, so that tf>- 0, then the 
angular acceleration will be exactly 0 and the pencil will remain stationary. 

But according to the uncertainty principle (as expressed at the bottom of page 
1023), the angle cannot be known with 0 uncertainty. Let the z axis be coming out of the page. 

AL_A<f> >Tt — > A (f> > — — > 0 

Thus the pencil cannot have exactly </>- 0, and so there will be a torque and hence rotation. 

( b ) For the initial part of the motion, the angle will be very small, and so the differential equation 



can be expressed as ^<f> = d -t r . 
F 21 dt 2 


The solutions to this differential equation are of the form 


1 = Ae + Be , where k = . — = 

"21 


3 g_ 3(9.80m/s 2 ) 


2(0. 18m) 


= 9.037s 1 Since the angle will be 


increasing in time, we ignore the second term, which decreases in time. Thus <f> « Ae kt , with 

</>(t = 0) = t/) 0 « A. The angular velocity of the pencil is approximated as to = — = kAe kt , and 

dt 

the initial angular velocity is a> 0 — kA. We take the initial position and the initial angular 
velocity as their smallest possible values, which are their uncertainties - the magnitude of a 
quantity must be at least as big as its uncertainties. Apply the uncertainty principle in angular 
form. 

AL_A(f>>ti — > { y IAco)A(j) = ^mi 2 {kA^{ y A) — \ml 1 kA 2 >h — > 


A> 


3 h 


3(l.055xl0 -34 J-s) 


= 3.930 xl0 -16 rad = , 


ml 2 k ^|(7.0xl0 -3 kg)(0. 18m) 2 (9.037s -1 ) 

co 0 =kA = (9.037s -1 )(3.930 x 10 -16 rad) = 3.552 x 10 -15 rad/s 

With this initial position and initial angular velocity, we can then do a numeric integration to 
find the time when the angle is </> - nj2 rad. For a step size of 0.01 s, the time of fall is about 
4.07 s. For a step size of 0.001 s, the time of fall is about 3.99 s. This is only about a 2% 
change in the final result, so the time is pretty stable around 4 s. Even changing the starting 
angle to a value 100 times bigger than that above (so <f> 0 = 3.930 x 10 -l4 rad ) still gives a time of 


fall of 3.48 s. So within a factor of 2, we estimate the time of fall as 4 seconds 


Note that if the solution of the approximate differential equation is used, tj> ~ Ae k 
following time of fall. 


we get the 


1 , 

Cax =T ln 

k 


1 


9.037s - 


-ln 


/r/2 


= 3.98s. 


3.930x 10 - 

The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4 ISM CH38.XLS,” on tab “Problem 38.59.” 
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60. 


The ground state wave function for the particle in the infinite well is y/ = J— sin — x 


[2 . ( 

' n ^ 

. Let 

/—sin 

—x 

it { 

J ) 


=F+ 

jAx . 

We are to 


i |2 'y. /\y 

find the largest value of Ax so that the approximate probability of |t// (x = f T) Ax = ^ (from 


Example 38-7) is no more than 10% different than 


J 

C m in 



dx , the exact probability. 


We calculate the value of the integral using numeric integration (as described in Section 2-9), first 
finding the number of steps needed between x mm and x max that gives a stable value. Then we 
compare the integral to the approximation. (Note that the integral could be evaluated exactly.) 

To aid in the evaluation of the integral, we make the substitution that u = x/i. Then the integral 
becomes as follows. 


Ji i A* 

“—'sS r 


| |^2sin 2 (/r«)Jr/« 


if i At 

«min=d !— T 


In doing the numeric integrations, we found that for any value of Ax up to l, breaking the numeric 
integration up into 50 steps gave the same answer to 3 significant digits as breaking it up into 100 
steps. So we did all numeric integrations with 50 steps. We then numerically calculated the integral 
for values of Ax/£, starting at 0.01, and increasing by steps of 0.01, until we found a 10% difference 
between the approximation and the numeric integration. This happens at Ax/ 1 = 0.34, and so the 


approximation is good within 10% up to Ax = 0.34£ = 0.34(0. lOnm) 


0.034 nm. 


This is much 


broader than we might have guessed initially, indicating that the wave function is varying rather 
slowly over the central region of the potential well. The spreadsheet used for this problem can be 
found on the Media Manager, with filename“PSE41SM_CH38.XLS,” on tab “Problem 38.60.” 


61 


(a) 

(b) 


See the graph. 

From the graph and the 
spreadsheet, we find these 
results. 


r = 10% at E/U 0 = 0.146 
T = 20% at E/U 0 = 0.294 
T = 50% at E/U 0 = 0.787 
T = 80% at E/U 0 = 1.56 



The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_1SM_CH38.XLS,” on tab “Problem 38.61.” 
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Responses to Questions 

[f] The Bohr model placed electrons in definite circular orbits described by a single quantum number 
(/?). The Bohr model could not explain the spectra of atoms more complex than hydrogen and could 
not explain fine structure in the spectra. The quantum-mechanical model uses the concept of electron 
“probability clouds,” with the probability of finding the electron at a given position determined by 
the wave function. The quantum model uses four quantum numbers to describe the electron {n, t mi, 
m s ) and can explain the spectra of more complex atoms and fine structure. 

2. The quantity \y/ 1' is maximum at r = 0 because of its dependence on the factor e '' r " . In the ground 
state, the electron is expected to be found near the nucleus. The radial probability density 

4 nr \y/\ gives the probability of finding the electron in a thin spherical shell located at r. Since r = 0 
is at the center of the nucleus, the radial probability density is zero here. 

3. The quantum-mechanical model predicts that the electron spends more time near the nucleus. In the 
Bohr model, the electron in the ground state is in a fixed orbit of definite radius. The electron cannot 
come any closer to the nucleus than that distance. In the quantum-mechanical model, the electron is 
most often found at the Bohr radius, but it can also be found closer to the nucleus (and farther away). 

4. As the number of electrons goes up, the number of protons in the nucleus increases, which increases 
the attraction of the electrons to the center of the atom. Even though the outer electrons are partially 
screened from the increased nuclear charge by the inner electrons, they are all pulled closer to the 
more positive nucleus. Also, more states are available in the upper shells to accommodate many 
more electrons at approximately the same radius. 

5. Because the nuclei of hydrogen and helium are different, the energy levels of the atoms are different. 
The presence of the second electron in helium will also affect its energy levels. If the energy levels 
are different, then the energy difference between the levels will be different and the spectra will be 
different. 

6. The two levels have different orbital quantum numbers. The orbital quantum number for the upper 
level is £ = 2. This results in five different possible values of mi (-2, -1, 0, 1, and 2) so the energy 
level is split into five separate levels in the presence of a magnetic field. The lower level shown has 
an orbital quantum number of £ = 1, so only three different values of mi (-1,0 and 1) are possible, 
and therefore the energy level is split into only three separate levels. 

[ 7 ] In the time-independent Schrodinger equation, the wave function and the potential depend on the 
three spatial variables. The three quantum numbers result from application of boundary conditions to 
the wave function. 

8. The Zeeman effect is the splitting of an energy level in the presence of a magnetic field. In the 
reference frame of the electron, the nucleus orbits the electron. The “internal” Zeeman effect, as seen 
in sodium, is caused by the magnetic field produced by the “orbiting” nucleus. 

9. (a) and (c) are allowed for atoms in an excited state. ( b ) is not allowed. Only six electrons are 
allowed in the 2 p state. 
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10. The complete electron configuration for a uranium atom is as follows. 
1 .s ,2 2.s ,2 2/7 6 3.s ,2 3/7 6 3c/ 1 °4.s ,2 4/? 6 4c/' °4/ 4 5s 2 5p 6 5d' () 5f 6s 2 6p ( ’6d' Is 2 

11. (a) Group II; ( b ) Group VIII; (c) Group I; (cl) Group VII. 


12. The periodicity of the periodic table depends on the number and arrangements of the electrons in the 
atom. It therefore depends on all the factors which determine this arrangement. One of these, the 
Pauli exclusion principle, states that no two electrons can occupy the same quantum state. The 
number of electrons that can be in any principle state depends on how many different substates are 
available, which is determined by the number of possible orbital quantum numbers for each principle 
state, the number of possible magnetic quantum numbers for each orbital quantum number, and 
finally, the number of spin orientations for each electron. Therefore, quantization of angular 
momentum, direction of angular momentum, and spin all play a role in the periodicity of the periodic 
table. (See Table 39-1 for a summary of the quantum numbers.) 


13. 


If there were no electron spin, then, according to the Pauli exclusion principle, .v-subshclls would be 
filled with one electron, p-subshe 11s with three electrons, and T-subshclis with five electrons. The 
first 20 elements of the periodic table would look like the following: 


H 1 

Is 1 









He 2 
2s 1 






Li 3 
2 P 1 

Be 4 
2 P 2 

B 5 

2p 3 

C 6 
3s 1 






N 7 

V 

O 8 
3 P 2 

F 9 
3p 2 

Ne 10 

4s 1 

Na 11 
3d' 

Mg 12 
3d 2 

A1 13 
3d 3 

Si 14 
3 cl 4 

P 15 

3d 5 

S 16 
4 p' 

Cl 17 
4 p 2 

Ar 18 
4 p 2 

K 19 
5s 1 

Ca 20 
4 d l 









14. Neon is a noble gas and does not react readily with other elements. Neon has its outermost subshell 
completely filled, and so the electron distribution is spherically symmetric, making it harder to 
remove an electron. Sodium is in the first column of the periodic table and is an alkali metal. Sodium 
has a single outer ,v electron, which is outside the inner closed shells and shielded from the nuclear 
charge by the inner electrons, making it easier to remove. Therefore, neon has a higher ionization 
energy than sodium, even though they differ in number of protons by only one. 


15. Chlorine and iodine are in the same column of the periodic table. They are each one electron away 
from having a complete outermost shell and will react readily with atoms having only one electron in 
the outermost shell. Interactions with other atoms depend largely on the outermost electrons; 
therefore these two elements will have similar properties because their outermost electrons are in 
similar configurations. 


16. Potassium and sodium are in the same column of the periodic table. They each have only one 
electron in the outermost shell, and their inner shells are completely filled. Sodium has only one 
electron in the n = 3 shell, or principle energy level, and potassium has only one electron in the n = 4 
level. Interactions with other atoms depend largely on the outermost electrons, and therefore these 
two elements will have similar properties because their outermost electrons are in similar 
configurations. 
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17. Rare earth elements have similar chemical properties because the electrons in the filled 65 or 7 s- 
suborbitals serve as the valence electrons for all these elements. They all have partially filled inner /- 
suborbitals, which are very close together in energy. The different numbers of electrons in the /- 
suborbitals have very little effect on the chemical properties of these elements. 

18. When we use the Bohr theory to calculate the X-ray line wavelengths, we estimate the nuclear 
charge seen by the transitioning electron as Z - 1 , assuming that the second electron in the ground 
state is partially shielding the nuclear charge. This is only an estimate, so we do not expect the 
calculated wavelengths to agree exactly with the measured values. 

19. In helium and other complex atoms, electrons interact with other electrons in addition to their 
interactions with the nucleus. The Bohr theory only works well for atoms that have a single outer 
electron in an s state. X-ray emissions generally involve transitions to the Is or 2s states. In these 
cases the Bohr theory can be modified to correct for screening from a second electron by using the 
factor Z- 1 for the nuclear charge and can yield good estimates of the transition energies. 

Transitions involving outer electrons in more complex atoms will be affected by additional complex 
screening effects and cannot be adequately described by the Bohr theory. 

20. The continuous portion of the X-ray spectrum is due to the “bremsstrahlung” radiation. An incoming 
electron gives up energy in the collision and emits light. Electrons can give up all or part of their 
kinetic energy. The maximum amount of energy an electron can give up is its total amount of kinetic 
energy. In the photon description of light, the maximum electron kinetic energy will correspond to 
the energy of the shortest wavelength (highest energy) photons that can be produced in the 
collisions. The result is the existence of “cut-off’ wavelength in the X-ray spectrum. An increase in 
the number of electrons will not change the cut-off wavelength. According to wave theory, an 
increase in the number of electrons could result in the production of shorter-wavelength photons, 
which is not observed experimentally. 

21. To figure out which lines in an X-ray spectrum correspond to which transitions, you would use the 
Bohr model to estimate the energies of the transitions between levels and match these to the energies 
of the observed lines. The energies of transitions to the n = 1 level (K) will be the greatest, followed 
by the transitions to the n = 2 level (L). Within a level, the a line will have the lowest energy 
(because it corresponds to a transition between adjacent levels), followed by the p line, and so on. 

22. The characteristic X-ray spectra occur when inner electrons are knocked out of their shells. X-rays 
are the high energy photons emitted when other electrons fall to replace the knocked-out electrons. 
Because the shells involved are close to the nucleus, Z will have a direct influence on the energies. 
The visible spectral lines due to transitions between upper levels have energies less influenced by Z 
because the inner electrons shield the outer electrons from the nuclear charge. 

23. The difference in energy between adjacent energy levels in an atom decreases with increasing n. 
Therefore, transitions of electrons between inner energy levels will produce higher energy (shorter 
wavelength) photons than transitions between outer energy levels. 

24. The electron has a negative charge. 

25. Consider a silver atom in its ground state for which the entire magnetic moment is due to the spin of 
only one of its electrons. In a uniform magnetic field, the dipole will experience a torque that would 
tend to align it with the field. In a non-uniform field, each pole of the dipole will experience a force 
of different magnitude. Consequently, the dipole will experience a net force that varies with the 
spatial orientation of the dipole. The Stem-Gerlach experiment provided the first evidence of space 
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quantization, since it clearly indicated that there are two opposite spin orientations for the outermost 
electron in the silver atom. 

26. Spontaneous emission occurs randomly when an electron in an excited state falls to a lower energy 
level and emits a photon. Stimulated emission also results when an electron falls to a lower energy 
level, but it occurs when a photon of the same energy as the transition stimulates the electron to fall 
sooner than it would have naturally. 

27. No. The intensity of a spherical wave, which spreads out in all directions, follows the inverse-square 
law. A laser produces light that is very nearly a plane wave; its intensity is nearly constant with 
distance. 

28. Laser light is monochromatic, coherent, and in a narrow beam that spreads very little if at all. 
Ordinary light is usually made up of many different wavelengths, incoherent, and spreads out in all 
directions. Both types of light can be created when electrons fall to lower energy levels and emit 
photons. 

29. Since laser light is a plane wave, its intensity remains approximately constant with distance. The 
light produced by a street lamp spreads out with an intensity that decreases as 1 !r5. Thus, at a 
sufficient distance, the laser light will be more intense than the light from a street lamp. 


Solutions to Problems 

[l] The value of £ can range from 0 to n - 1. Thus for n = 7, £ = 0, 1, 2, 3, 4, 5, 6 


2. The value of m t can range from -£ to + £. Thus for £ = 3, \m t =— 3, —2, —1, 0, 1, 2, 3|. 
The possible values of m s are 4> + i 


3. The value of £ ranges from 0 to n — 1. Thus for n = 3, £ = 0,1,2. For each £ the value of m l can 
range from -£ to +£, or 2£+ 1 values. For each m t there are 2 values of m s . Thus the number of 
states for each £ is 2(2£ + l). The number of states is N - 2(0 + 1) + 2(2 + 1) + 2(4 + l) 

1 We start with £ = 0, and list the quantum numbers in the order («,£,m £ ,m s ). 


1 8 states 


(3,0, 0, -T), (3,0, 0, -4), (3, 1,-1, 4), (3, 1,-1, +4, (3,1,0, 4), (3,1,0, +\), 

(3, 1, 1, -4, (3, 1, 1, +4, (3, 2,-2, 4), (3, 2, -2, +4, (3, 2,-1, -4, (3, 2,-1, +4, 
(3,2, 0 , - 4 , (3,2, 0 , + 4 , (3,2, 1 , - 4 , (3,2, 1 , + 4 , (3,2,2, - 4 , (3, 2 , 2 , +4 


4. The value of m l can range from -£ to +£, so we have \t > 4 


The value of £ can range from 0 to n - 1. Thus we have n>l + l(minimum5) 


There are two values of m, : \m s =4, +7 
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5. The value of £ can range from 0 to n - 1. Thus for £ — 5, we have n > 6 . 


For each £ the value of m l can range from -£ to + £ : m t = -5, -4, -3, -2,-1, 0, 1, 2, 3, 4, 5 


There are two values of m : 


m s 2 ’ 2 • 


6. The magnitude of the angular momentum depends only on £. 


V £ ( £+1 )*= 

VI2/7 

= Vf2| 

(1.055 xlO“ 34 J.s) 

1 = 

3.65x10“ 34 J.s 


0 (a) The principal quantum number is n = [Y|. 

(. b ) The energy of the state is 

(!3.6eV)_ (!3.6eV) 


e 7 = - 


-0.278eV 


(c) The “g” subshell has £ = [ 4 ]. The magnitude of the angular momentum 
depends on £ only: 


fit 

II 

+ 

V20/7 

= 7201 

(1.055 xlO“ 34 J.s) 

1 = 

4.72 xl0“ 34 J-s 


(d) For each £ the value of m t can range from -£ to +£ : m t =- 4, -3, -2,-1, 0, 1, 2, 3, 4 


(a) For each £ the value of m t can range from -£ to +£, or 2£ + l values. For each of these there 
are two values of m*. Thus the total number of states in a subshell is N - I 


2(2£ + l) 


( b ) For i = 0, 1, 2, 3, 4, 5, and 6, fV = 2, 6, 10, 14, 18, 22, and 26 , respectively. 


9. For a given n, 0 < £ < n - 1. Since for each £ the number of possible states is 2(2£ + l), the number 
of possible states for a given n is as follows. 


n - 1 n - 1 


Z2(2£ + 1) = 4X£ + Z2 = 4 


£=0 


1=0 1=0 


1 (n - 1) 


+ 2/7 = 2/7 


10. Photon emission means a jump to a lower state, so for the final state, 77 = 1,2, 3, or 4. For a d 
subshell, £ = 2, and because A£ = ±1, the new value of £ must be 1 or 3. 

(a) £ = 1 corresponds to a /; subshell, and £ = 3 corresponds to an / subshell. Keeping in mind that 
0 < £ < 77 — 1, we find the following possible destination states: 2p,3p,4p,4 f. 

(b) In a hydrogen atom, £ has no appreciable effect on energy, and so for energy p urposes there are 
four possible destination states, corresponding to n = 2, 3, and 4. Thus there are three different 


photon wavelengths | corresponding to three possible changes in energy. 


11. We use Eq. 39-3 to find £ and Eq. 39-4 to find m t . 

n (6.84 x 1(T 34 J*s) 2 


L - ^l(l + \)h ->£(£ + 1 )- — - 

(1.055 xlO“ 34 J.s) 


= 42 -> £ = 6 


r . L 2.1 1 x 10~ 34 J*s 

L = 777,77 -> 777, = — = = 

h 1.055 x 1 O' 34 J-s 


= 0 


Since £ = 6, we must have 77 > 7 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

512 

















Chapter 39 


Quantum Mechanics of Atoms 


12. To show that the ground-state wave function is normalized, we integrate over all space. Use 
substitution of variables and an integral from Appendix B-5. 

f I^jooI dV - f — j-e r ° 4nr 2 dr ; letx = — — > r = \r Q x , dr-\r Q dx 

an o^o r o 

space 


Note that if r — 0,x = 0 and if r = oo,x = oo. 

An 


1 — 

| |^ 100 |“ c/F = | — -e r " Anr 2 dr = e~' [\r^x 2 ^{jr 0 dx) = jJ e~ x x 2 dx = j(2!) = 1 


all 

space 


And so we see that the ground-state wave function is normalized. 

1 


13. | The ground state wave function is i// l00 
(«) (UiooL. 5i , 


ar n 


1 


i i 2 \ 

1 -3 

kioo 

— ' e 

• ' A=l-5r 0 

nr 0 


(c) P x ={Anr\y/ m ] \-\ 

' >r=\.5r„ 


) = 4 xr 2 

( 1 3 

~^e~ 2 

— 

—e~ 3 

'r= 1.5r 0 

J 


1 0 


14. The state n- 2, f = 0 must have m e = 0 and so the wave function is i// 200 = 


^32 nr 3 


f 2- — 

V r 0 y 


(«) (!F 200 ) r=4ro = 

(*) (k 20 o| 2 ) 


1 

O 

0 ^ 

4r 0 

e 2r ° = 

1 r -2 

yj32nr 0 3 

l r o ) 

j&nr 3 


'•=4»b 32nr 3 


Ar 

2 -ZA 

V r o y 


\ 2 „4r f 


8/rr n 


(c) F r = ( 4 ^-r 2 k 200 | 2 ) r4) = 4^-(4r 0 ) 2 


( 1 1 
1 e -4 


V 

1 % nr o ~ J 


r o 


15. The factor is found from the ratio of the radial probability densities for i// |0() . Use Eq. 39-7. 




2 2r '\ 

4 ° 


/ r=r n 


v 


2 jnA 

4%e '» 
r. 


'o 


/ r-/: 


P T {r — 2r 0 ) 

( 2 2r ^ 

, r ~V 

4 ~ 2 e ° 


( ( 2 rf - 2(2r °M 

4 l e 


l 0 J 

r=2r 0 

l J 


4e 


1 1.85 


Zr=2r 0 


16. (a) To find the probability, integrate the radial probability distribution for the ground state. We 
follow Example 39-4, and use the last integral in Appendix B-4. 


'» r 2 2r 


P = [4 — e r °dr ; letx = 2— — >• 

* V V 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

513 










Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


P = j J x 2 e~ x dx = j[-e~ x (x 2 + 2x + 2)] = 1 - 5e" 2 = 0.32 = [32% 
0 

(. b ) We follow the same process here. 

2r 0 2 _Pl 

P = [ 4 J —e r °dr ; letx = 2 — — > 

J r V 


» r o 


P = 


\ J x 2 e~ x dx = j[-e~ x (x 2 + 2x + 2)]^ = 5e“ 2 - 13W 4 = 0.44 = [44% 


17. To find the probability for the electron to be within a sphere of radius r, we must integrate the radial 
probability density for the ground state from 0 to r. The density is given in Eq. 39-7. 


^sphere ^2 


P= [ 4 — e r ° dr ; letx' = 2 — ; let 2- 

J jn J in 


^ = X 


P = j J x' 2 e ' dx' - j^—e ' (x' 2 + 2x' + 2)J = 1 ( x 2 + 2x + 2)J + 2| = 1 - e x (jx 2 + x + 1 j 

o 

We solve this equation numerically for values ofx that give P = 0.50, 0.90, and 0.99. 


r sphere=M 2 - 674 ) r 0~ 

1-3/b. 

W=i(5-322)r 0 *| 

2-7 r 0 

W = i( 8 ' 406 ) r O ~ 

4.2 r 0 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4 ISM CH39.XLS,” on tab “Problem 39.17.” 


18. (a) To find the probability for the electron to be within a sphere of radius r, we must integrate the 
radial probability density for the ground state from 0 to r. The density is given in Eq. 39-7. 
Since r « r 0 , we approximate e~ 2r ' r " ~ 1. 

4 r 3 4 (l.lxl0” 15 m) 


1 . 1 fm 2 

r 


^ r , r r „ r ^ r 4 

P= 4— e 0 c/r « A— dr - — - = — 

J r 3 J ,- 3 ^ ^ 


1.2x10” 


0 r 0 3r 0 3 (o.529xlO” 10 m)~ 

(. b ) The Bohr radius, r 0 , is inversely proportional to the mass of the particle. So now the Bohr 
radius is smaller by a factor of 207. 


r r ~yr r r 4 r 3 4 (l.lxlO mi 
P = 4—e °dra 4 —dr = — - = — v 

J r 3 J j- 3 T. r 3 T. I 


1.1 fm 2 2r 

r 


1 . 1 fm 2 

r 


i r o 3r o 3 (0.529 xl0” lo m/207y 


1.1x10” 


19.| We follow the directions as given in the problem. We use the first integral listed in Appendix B-5. 

oo °o i —2— 00 3 —2— 

7 - \r\y/ m \ 47tr 2 dr - \r — -e r " 4nr 2 dr = 4f — e r °dr ; letx = 2 — — > 

J 1 1 J jry J y y 

0 o ' Lr o o 'o 'o 


r = ji'oJ x 3 e X dx = \r 0 (3!) = 


3 _ y 
2 r 0 
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20. To show that i// 200 is normalized, we integrate |i// 200 over all space. Use substitution of variables and 
an integral from Appendix B-5. 


j |U20of^ = j 


1 


all 

space 


o 32 ^ 0 


VP 

v V 


e r " 4 nr 2 dr ; letx = — — » r = r 0 x , dr-r 0 dx 


Note that if r = 0,x = 0 and if r = oo,x = oo. 


J |u 2 oof^ = j 


1 


all 

space 


0 32 ^0 


VP 

V 


e '° A nr 2 dr - 


An 


32nn 


-yj(2-x) 2 e X r 2 x 2 r 0 dx 
0 0 


i CO 4 OO -.00 -.00 -.CO 

= — J (2 - jc)“ e~ x x 2 dx = — | (4x 2 - 4x 3 + x 4 ) e~ x dx = — J x 2 e~ x dx — J x 3 e~ x dx + — J x 4 e~ x dx 


2 J 2- 

^ o ^ o 


= j( 2 0-j(3')U( 4 0 = l-3 + 3 = l 

And so we see that i// 200 is normalized. 


21. We follow the directions as given in the problem. The three wave functions are given in Eq. 39-9. 
We explicitly show the expressions involving the complex conjugate. 


P = 4;zt 2 


= Anr 


= Anr 


3 U 2 IO + 3 U 2 II + 3 |W-1 


f 2 

Z 


32 nr: 


(x + iy){x - iy) l f (x + iy){x - iy ) 


6Anr n 


+ - 


64^t„ 


( v ( r 


3 32 nn 3 64;zr n 5 3 6Ann 


24 r„ 


z 2 +x 2 + y 2 )e r ° 


2Ar n 


22. From Problem 21, we have that P r = -e r ° for the 2 p state. We find the most probable distance 


24r n 


dP 


by setting — - - 0 and solving for r. This is very similar to Example 39-3. 
dr 


P=- 


24 P 


dP Ar 3 ~ 1 P ~ , A , 

-e 0 , e °=(4r 0 -r) 


dr 24 r„ 


0 


v 24 r 

'0 ^'o 


r 3 e r ° 

724 


=0 -> 


r = An 


23. The probability is found by integrating the radial probability density over the range of radii given. 


1.01r o 2 2r 

r 


P= f A—e r ° dr ; let x = 2 — 

J r' 1- 


-» 


P = { J x 2 e x dx = (x 2 + 2x + 2)]" ‘ = e“ L98 (4.9402) - e“ 202 (5.0602) = 0.0108 * |l.l% 


Because the range of radii is small and the radial probability density is relatively constant over that 
range (see Figure 39-7), we can approximate the probability as follows. 
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1.01r„ 2 2r 

r~ 


P= J 4— e r ° dr » P(r — r 0 ) Ar = 4-ye ' b (0.02r n ) = 0.08e~ 2 = 0.0108 » |l.l% 


24. The probability is found by integrating the radial probability density over the range of radii given. 
The radial probability density is given after Eq. 39-8. 


5.00, b ^2 f 




8 r 

4.00r n OA 0 


2 — — 

v V 


e r ° dr ; let x = — — » 


P = i{ x 2 (2-x) 2 e X dx = j | (x 4 -4x 3 + 4x 2 )e X dx 

4.00 4.00 

There are some difficult integrals to evaluate. We use integration by parts. 

\xe ax: u = x ;av = e ; ciu - 2 xdx; v = -e 

| x 2 e~ x dx - -x 2 e~ x + J 2 xe~ x dx - -x 2 e~ x + 2(-e _1 )(x + 1) = -e~ x (x 2 + 2x + 2) 

| x 3 e~ x dx : u - x 3 ; dv = e~ x \ da = 3x 2 dx; v — -e~ x 

| x 3 e~ x dx - -x 3 e~ x + 3| x 2 e~ x dx - - e~ x (x 3 + 3x 2 + 6x + 6) 

| x 4 e~ x dx : u = x 4 ; dv - e ~ x ; du = 4 x 3 dx; v - -e~ x 

| x 4 e~ x dx = -x 4 e~ x + 4| x 3 e~'dx - - e~ x (x 4 + 4x 3 + 12x 2 + 24x + 24) 

We substitute the integrals above into the expression for the probability. We are not showing the 
algebra. 

P = -i|V* (x 4 + 4x 2 + 8x + 8)]]'“ = -|(773e' 5 - 360U -4 ) = 0.173 = |l7.3% 


( 2 2 2V Z • 

x + y + z 1 . We will need the 

derivative relationship derived in the first line below. 

dr , ( 2 2 t \ ^ x 1 “f dll/ Gw dr 

— = i(x 2 +/+z 2 ] 2x=- : (//,„„ : Y - Y 


d 2 y/ 
dx 2 dx 


1 1 


V 

-1 1 


r, o 


X 


¥ ioo = 

1 



1 

r 



sjxr 0 

5 


f 


A 



1 - 


dx dr dx r 0 


1 1 “7 x 

e 0 — 
r 


r o \ Kr c 


r o Jxr 0 


d 

+ — 
dr 


f 




1 1 x 

; ^=e 0 — 


V 


1 — x 


f \ U 

— + ~ 

V rr o r j 


Similarly, we would have — = — ■ 

dy r dy 1 


1 

= ~¥ — 
1 


1 -x" 


r 0 s]xr 0 

f \ U 

— + ~ 

v rr 0 r j 


dr 

dx 


-v- 


rr„ 


i-/| 

r i 

ni 



W 7 'o 

r j j 


dr z , 
; — = — ; and 
dz r 


d 2 y/ 

Hz 2 




1 


1 — z 


( 1 U 

— + ~ 

V rr o r J 


. Substitute into the time- independent Schrodinger equation. 


f £|2. 


Ey/ = 

2m 




d if / d y/ d if / 
y dx 2 dx 2 dx j 


1-x 2 


f k 2 ] 

f 1 ) 

jr 

— 

-If/ 


v 2777 y 

V "oj 

u 


1 e 2 
4ns 0 r 

1 1 
— + ~ 

V rr o r 


V 


Y 


i 2 

{ l l Y 


i 2 

f l l Y 

11 


+ 

i -y 

— + — 

+ 

l-z 

1 ~r 


). 



f rr o r )_ 



l ? r o r )_ 

JJ 


4 KS 0 r 


¥ 
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2 m rr. 


2m rr,. 


|3-(x 2 

+ y 2 + 

{ 3 -r 2 

1 

— + - 


rr 0 

tr 

2 

e 

2mr 2 

A 7rs 0 r 


1 1 


A KS 0 r 


4 jt£ Q r 


/l i ; 

= V 2 


2m rr 0 1 rr 0 J Ans^r 


Since the factor in square brackets must be a constant, the terms with the r dependence must cancel. 


mrr 0 Ans^r 


. 4 tvs Jr s n lr 

= 0 — > r — — = — 

u ^ 'o 2 2 

me nme 


Note from Equation 37-11 that this expression for r 0 is the same as the Bohr radius. Since those two 
terms cancel, we are left with the following. 




r h 2 ^ r h 2 
Ey/=-—^y, -> E = ~ — 


26. (a) The probability is found by integrating the radial probability density over the range of radii 
given. The radial probability density is given after Eq. 39-8. 

'o 2 f \ 2 _L 

P = [ 2 - — e r ° dr ; let x - — — > 

o 8/ ok r «7 r o 

1 1 

P = |Jx 2 (2 - jc)“ e~ x dx = | J (x 4 -4x 3 + Ax 2 ^e~'dx 

0 o 

The following integrals are derived in the solution to Problem 24. 

j x 2 e~ x dx = -e~ x (x 2 +2x + 2j ; jx 3 e~'dx - -e~ x (x 3 + 3x 2 + 6x + 6) 

| x 4 e~ x dx = -e~ x (x 4 + 4x 3 + 12x 2 + 24x + 24) 

1 

P = { J (x 4 -4x 3 + Ax 2 ^e~ x dx 
o 

= { j-e“ A [(x 4 +4x 3 + 12x 2 + 24x + 24) -4(x 3 + 3x 2 + 6x + 6) + 4(x 2 + 2x + 2)Jj 
= (x 4 + 4x 2 + 8x + 8)| = j(8 - 21e“‘ ) = 0.0343 * |3.4% 

4 fj 
r ~ 

( b ) From Problem 21, we have that the radial probability density for this state is P r = -e r " . We 

24/q 

proceed as in part (a). 

'b 4 _L 

P = f 1 - e ’ h dr ; let x = — — >• 

J ?4r r 

0 ^'0 '0 

1 . 

P = x 4 e~'dx - (x 4 + 4x 3 + 12x 2 + 24x + 24)J = ^.(24 -65e _1 ) = 3.66 x 10~ 3 


= 3.66x10^ 
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27. (a) 


(b) 

(c) 


The radial probability distribution is given by Eq. 39-6. Use the wave function given. 

1 


P r = 4 nr- k^ 00 ‘ = 4nr 


21 nr: 


, 2 r 2 r 

3 r n 27 r: 


\2 2 r 

p 3 'b - 

4r 2 ( 

/ 

27/H 


, 2 r 2 r 

1 + 

3 r n 21 r 




o 7 


See the graph. 

The most probable distance is the radius 
for which the radial probability 
distribution has a global maximum. We 

dP 

find that location by setting — - = 0 and 

dr 

solving for r. We see from the graph that 
the global maximum is approximately at 
r = 13r 0 . 



dP 

dr 


8 r 


21 rl 


, 2 r 2 r 

1 + 


X 2 


+ - 


4 r 


21r 


3 r n 


1-* + 


27r n 
2 r 


Pl 

3 r„ 


8 r 2 


o 7 

,2 \V 


21 rl 


, 2r 2r 
1 + 


2 X 


3r„ 27r n 


o 7 


2 

+ - 


4r 


3 r n 21 n 


_2 r_ 
3 r n 


0 y 


3r n 27r„ 


X 


V 


8 r 


21 r: 


, 2r 2r 
1 + 


3 r n 27/; 


o ' o y 

2 5r 
1 + 


3 /; 


_2r 

3>n 


0 7 


07 

12r 2 


2r 


.3 X 


V 3r 0 


27r 2 81/; 


" =0 


'o u± 'o 7 

The above system has 6 non-infinite solutions. One solution is r = 0, which leads to P = 0, 
which is not a maximum for the radial distribution. The second-order polynomial, 


. 2 r 2 r 

1 + 


2 X 


V 


3/; 27/; 


is a factor of the radial probability distribution, and so its zeros also give 

0 ^"o 7 

locations where P = 0. So the maxima must be found from the roots of the third-order 
polynomial. A spreadsheet was used to find the roots of 1-fx + ^x 2 -^x 3 = 0. Those roots 


are x = 0.74, 4.19, and 13.07. So the most probable distance is r= 13.1r 0 

The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4 ISM CH39.XLS,” on tab “Problem 39.27.” 


28. For oxygen, Z = 8. We start with the n = 1 shell, and list the quantum numbers in the order 
(n,i,m t ,m s ). 

(h 0, 0, - 1) , (l, 0, 0, + j) , (2, 0, 0, - j) , (2, 0, 0, + -j) , 

(2,1, -1,-1), (2, l,-l, + l), (2,1, 0,-1), (2, 1,0 ,+j) 

Note that, without additional information, there are two other possibilities that could substitute for 
any of the last four electrons. 

29. (a) For carbon, Z = 6. We start with the n = 1 shell, and list the quantum numbers in the order 

(nj,m t ,m s ). 



Note that, without additional information, there are other possibilities for the last two electrons. 
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( b ) For aluminum, Z = 13. We start with the n = 1 shell, and list the quantum numbers in the order 
(nj,m t ,m s ). 



Note that, without additional information, there are other possibilities for the last electron. 


30. 


The number of electrons in the subshell is determined by the value of L For each £ the value of m l 
can range from -l to +£, which is 2£ + 1 values. For each m t value there are two values of m s . 
Thus the total number of states for a given l is N = 2(2£ + l). 


N = 2(2l + 1) = 2[2(4) + l] = |l 8 electrons 


|3jJ Since the electron is in its lowest energy state, we must have the lowest possible value of n. Since 


m ^ = 2, the smallest possible value of l is |l = 2|, and the smallest possible value of n is \n - 3 


32. Limiting the number of electron shells to six would mean that the periodic table stops with radon 
(Rn), since the next ele ment, francium (Fr), begins filling the seventh shell. Including all elements 
up through radon means 86 elements. 


33. (a) Nickel has Z = 28. 

Is 2 2s 2 2 p 6 3s 2 3p 6 3d* 4s 2 

( b ) Silver has Z = 47. 

ls 2 2s 2 2p 6 3s 2 3p 6 3d l0 4s 2 4p 6 4d >0 5s l 

( c ) Uranium has Z = 92. 

ls 2 2s 2 2p 6 3s 2 3p 6 3d w 4s 2 4p 6 4d 10 4f l4 5s 2 5p 6 5d 10 6s 2 6p 6 5f 3 6d 1 7s 2 


34. The third electron in lithium is in the 2s subshell, which is outside the more tightly bound filled Is 
shell. This makes it appear as if there is a “nucleus” with a net charge of +le. Thus we use the 
energy of the hydrogen atom. 


e 2 = - 


(!3.6eV)_ (l3.6eV) 


= -3.4eV 


We predict the binding energy to be [ 3.4 eV| . Our assumption of complete shielding of the nucleus 
by the 2s electrons is probably not correct. The partial shielding means the net charge of the 
“nucleus” is higher than +le, and so it holds the outer electron more tightly, requiring more energy to 
remove it. 


35. We use Eq. 37-13, which says that the radius of a Bohr orbit is inversely proportional to the atomic 
number. We also use Eq. 37-14b, which says that the energy of Bohr orbit is proportional to the 
square of the atomic number. The energy to remove the electron is the opposite of the total energy. 


: y(0.529 x lCT l0 m) = ^-(0.529 x l(T 10 m) 


5.75 x 10“ 13 m 


92 2 


K,| = (l3.6eV)— = (l3.6eVW = 
n 1 


1 . 1 5 x 1 0 5 eV 
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36. The energy levels of the infinite square well are given in Eq. 38-13. Each energy level can have a 
maximum of two electrons, since the only quantum numbers are n and m s . Thus the lowest energy 
level will have two electrons in the n = 1 state, two electrons in the n = 2 state, and 1 electron in the 
77 = 3 state. 


E = 2 E x + 2 if, + E } = 


2(l) 2 +2(2 2 ) + l(3) 2 


h 2 


-1 877? f 


19 


I1 2 


8777^ 


|37.| In a filled subshell, there are an even number of electrons. All of the possible quantum number 
combinations for electrons in that subshell represent an electron that is present. Thus for every m f 
value, both values of in,, are filled, representing a spin “up” state and a spin “down” state. The total 
angular mome ntum of that pair is zero, and since all of the electrons are paired, the total angular 
momentum is I zero 


38. The shortest wavelength X-ray has the most energy, which is the maximum kinetic energy of the 
electron in the tube: 


he (6.63 x 10 34 J.s)(3.00xl0 8 m/s) 
~ A ~ (l.60 x 10' 19 J/eV)(0.027 x 10‘ 9 m) 


= 4.6 x 10 4 eV = 46keV 


Thus the operating voltage of the tube is 46 kV . 


39. The shortest wavelength X-ray has the most energy, which is the maximum kinetic energy of the 
electron in the tube. 


he 

(6.63 x 10' 34 J-s)( 

'3.00 xlO 8 m/s) 


1.60 x 10~ 19 J/eV 

) ( 32.5 x 10 3 eV) 


= 3.825 x 10~ m = 


0.03 83 nm 


The longest wavelength of the continuous spectrum would be at the limit of the X-ray region of the 


electromagnetic spectrum, generally on the order of | 1 nm 


40. The energy of the photon with the shortest wavelength must equal the maximum kinetic energy of an 
electron. We assume Fis in volts. 


E - hf 0 - - eV -> 

A 0 

he (6.63 x 10~ 34 J*s)(3.00 x 10 8 m/s) (10’ 
° eF 


nm/m 


) _ 1243 


nm 


( 1.60 x io~ 19 c)(f v) 


F 


1240nm 


F 


41. With the shielding provided by the remaining 77 = 1 electron, we use the energies of the hydrogen 
atom with Z replaced by Z - 1 . The energy of the photon is found, and then the wavelength. 

v n f 1 


hf -AE = -(l3.6eV)(26 - l) 


V- 


= 6.40 x 10 eV. 


he (6.63 x 10" 34 J.s)(3.00 x 10 8 m/s) 

~ AE~ (l.60 x 10‘ 19 J/eV)(6.40 x 10 3 eV) ~ 


= 1.94 x 10~ 10 m = 


0.194nm 
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42. We follow the procedure of Example 39-6, of using the Bohr formula, Eq. 37-15, with Z replaced by 
Z-l. 


J ~ 

A = 


f 4 \ 

e m 

v 8 effic j 


(Z-l)’ 


J 1_ 

a ~ 

n n j 


— (l .097 xl0 7 nr')(27-l) 2 - 

v 1 


IT 


= 5.562 xl0 9 m _1 -> 


5.562 x 10 9 m _l 


1.798 x lCT 10 m 


|43.| The wavelength of the line is calculated for molybdenum in Example 39-6. We use that same 
procedure. Note that the wavelength is inversely proportional to (Z - if . 


A 


'unknown 


^Fe ( ^unknown ^ ) 


2 ^ unknown 


(26-1). 


) 194pm 
229 pm 


+ 1 = 24 


The unknown material has Z = 24, and so is chromium 


44. We assume that there is “shielding” provided by the Is electron that is already at that level. Thus the 
effective charge “seen” by the transitioning electron is 42 — 1 =41. We use Eqs. 37-9 and 37- 14b. 

/7/ = AE=(l3.6eV)(Z-l) 2 f4r-^ 


Z- — - 

~ A E~ 


he 


(6.63 x 10“ 34 J»s)(3.00 x 10 s m/s) 


(13.6eV)(Z-l) ! (-E--Cj (13.6eV)(41 ! )(l-l)(l.60*10-“j/eV) 


= 6.12 xl0“ m = 


0.0612nm 


We do not expect perfect agreement because there is some partial shielding provided by the n = 2 


[shell, | which was ignored when we replaced Z by Z - 1 . That would make the effective atomic 


number a little smaller, which would lead to a larger wavelength. The amount of shielding could be 
estimated by using the actual wavelength and solving for the effective atomic number. 


45. Momentum and energy will be conserved in any inertial reference frame. Consider the frame of 
reference that is moving with the same velocity as the electron’s initial velocity. In that frame of 
reference, the initial momentum of the electron is 0, and its initial total energy is me 2 . Let the 
emitted photon have frequency f and let the direction of motion of that photon be considered the 

h hf 

positive direction. The momentum of the photon is then p = — = — , and so the momentum of the 


A 


hf 


electron must be p = — The final energy of the photon is E - hf = p c, and the final energy 


of the electron is, from Eq. 36-13, E t 


electron 

final 


= pic 2 + m 2 c 4 . We write the conservation conditions, 


and then solve for the frequency of the emitted photon. 

n hf hf 

Momentum: 0 = — + p e — > p e = 

c c 


Energy: 


me 


= hf + aJ p\c 2 + m 2 c 4 


me 1 -hf = J\ ~ 
c 


2 , 2 2 I, 2 r2 , 2 4 

c +m c = fh J +m c 


m~c - 2mc~hf + h f = h f~ + m e 


2mc 2 hf = 0 — > f - 0 
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Since the photon must have /= 0, no photon can be emitted and still satisfy the conservation laws. 

Another way to consider this situation is that if an electron at rest emits a photon, the energy of the 
electron must decrease for energy to be conserved. But the energy of a stationary electron cannot 
decrease, unless its mass were to change. Then it would no longer be an electron. 

So we conclude that a third object (with mass) must be present in order for both energy and 
momentum to be conserved. 


46. The Bohr magneton is given by Eq. 39-12. 

e % (1.602 x 10~ 19 C)(l.054 x 10' 34 J-s) 
^ b ~2 m~ 2(9.109xl0 _3l kg) 


9.27 xlO -24 J/T 


47. We use Eq. 39-14 for the magnetic moment, since the question concerns spin angular momentum. 
The energy difference is the difference in the potential energies of the two spin states. 

(9.27x1 O' 24 J/T) 


= =-(2.0023) 


(1.60x10 19 J/eV) 


(2.5T)(-t~t) = |2.9 x 10~ 4 eV 


48. (a) The energy difference is the difference in the potential energies of the two spin states. Use Eq. 
39-14 for the magnetic moment. 

( 9 ?7xl0“ 24 T/T) 

W = (MC7 = = -(2.0023) \ , „.i 9 T L l (1-0T)(- W) 


(l.60xl0 -19 J/eV) 


= 1.160x10 4 eV; 


1.2 xlO^eV 


(b) Calculate the wavelength associated with this energy change. 

A U = E = h- -> 

A 


A = 


he 

(6.63 x 10“ 34 J«s 

)(3.00xl0 8 m/s) 

~AU ~ ( 

1.160xl0“ 4 eV)( 

1.60x10 19 J/eV) 


= 1.072 xlO^m: 


1.1cm 


(c) 


The answer would be no different for hydrogen. The splitting for both atoms is due to an s-state 
electron: Is for hydrogen, 5s for silver. See the discussion on page 1058 concerning the Stem- 
Gerlach experiment. 


|49.| (a) Refer to Figure 39-14 and the equation following it. A constant magnetic field gradient will 

produce a constant force on the silver atoms. Atoms with the valence electron in one of the spin 
states will experience an upward force, and atoms with the valence electron in the opposite spin 
state will experience a downward force. That constant force will produce a constant 
acceleration, leading to the deflection from the original direction of the atoms as they leave the 
oven. We assume the initial direction of the atoms is the x direction, and the magnetic field 
gradient is in the z direction. If undeflected, that atoms would hit the screen at z = 0. 


. _ i , 

2 1 


. F 

(AtU 

i 2 ^/T, 

_ i uz 

(Ax/ 

2 (-gWsj-r, 

_ i dz 

fA*l 

2 W Ag 

l v J 

1 ^ -AS 

l v J 

1 " 2 -A g 

l v ) 


One beam is deflected up, and the other down. There separation is the difference in the two 
deflections due to the two spin states. 
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A z — z 


, ~ z l = 2" 
m.. =-f m=4r 4 


[-gM“W)] 


m 


Ag 


dB z 

dz f Ax 
v j 


x (2.0023)(9.27 x 10~ 24 J/T)(l800T/m) 

f 0.050m^| 

2 (107. 87u) 

(l.66xl0“ 27 kg/u) 

1 

v 780m/s y 


- 3.833 x 10“ 4 m ; 


0.38mm 


iff) The separation is seen in the above equation to be proportional to the g-factor. So to find the 
new deflection, divide the answer to part (a) by the original g-factor. 




3.833x10 m 
2.0023 


0.19mm 


50. For the 5g state, 1 = 4 and s = Thus the possible values of j are j = i + s = 4 ± \ 


Let j — y. Then we have the following. 


I ntj 


.1 5_ _3_ _i 1 3. 5. 2 

2 ? 2 5 2’ 2’ 2’ 2’ 2’ 2 




J. = ntjh = \fi, jti, fh, \h 

Let j = f . Then we have the following. 


m - -2 -1 - 1 - 1 _1 1 3 5 7 9 J _ /ifl.lk . 

Ul, j 2 ’ 2 ’ 2 ’ 2 ’ 2 ’ 2 ’ 2 ’ 2 ’ 2’ 2 u \ 2\2 ' 

J. = m ft = \h, \fi, f h, \h 


3VTT. 


51. (a) For the 4p state, £ = 1. Since s - j, the possible values for/ are j = £ + s = |JJ and 

/=<-»=! 

(b) For the 4/ state, £ = 3. Since s = \, the possible values for j are j = £ + s = ||j and 

y = *-s = |. 

(c) For the 3d state, 1 = 2. Since s = \, the possible values for j arc j = £ + s = [f] and 
j=t-s= |||- 

(d) The values of J are found from Eq. 39-15. 


4 p: J = y Jj(j + \)fr - 

4/: J = ^j(j + \)h : 
3 d: J = ^j(j + \)h-- 


Vl5 , V3 . 

7z and — n 

2 2 


V63 , V35 . 

ft and ft 

2 2 


V35 Vl5 

n and Ti 

2 2 


52. (a) Gallium has Z = 3 1. We list the quantum numbers in the order 

(l,0,0,-i),(l,0,0, + j),(2,0,0,-y),(2,0,0, + !),(2,l,-l,-j),(2,l,-l, + !),| 

(2, 1, 0, - }) , (2, 1, 0, + j), (2, 1, 1, - 7 ) , (2, 1, 1, + 7 ) , (3, 0, 0, -|) , (3, 0, 0, + j) , 
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(3,1,-1,-t)>(3,1,-1, + -j),( 3,1,0,-|),(3,1,0, + j),(3,l,l,-|),(3,l,l, + j), 
(3,2,-2,-i),(3,2,-2,+{),(3,2,-l,-i),(3,2,-l,+|),(3,2,0,-i),(3,2,0,+}) : 
(3, 2, 1, - j), (3, 2, 1, + j) , (3, 2, 2, - j), (3, 2, -2, + 4 ) , (4, 0, 0, - 4 ) , (4, 0, 0, + y) , 
(4,1,0, + y) 


The last electron listed could have other quantum numbers for m e and m. . 

(b) The [lx, 2s, 2 p, 3 s. Ip, 3d, and 4s subshells are filled. 

(c) For a 4 p state, i = 1 . Since s - j, the possible values for j are j = i + s = [jj and 

j = £ ~ s = ^\- 

(d) The 4 p electron is the only electron not in a filled subshell. The angular momentum of a filled 
subshell is zero, so the total angular momentum of the atom is the angular momentum of the 4 p 
electron. 

(e) When the beam passes through the magnetic field gradient, the deflecting force will be 
proportional to mj .If j = j, the values of ny are ±4, and there will be two lines. If j - f , the 


values of mj are ± 4 ,± 4 , and there will be four lines. [The number of lines indicates the value 


lof./' 


53. (a) The additional term for the spin-orbit interaction is given in the text as U ■ = p*B = F A • 


spin 

orbit 


The separation of the energy levels due to the two different electron spins is twice this. 
AU . =(u5 f indown 

cn ' r ' \*z n/ S p inU p 


spin 

orbit 


-gv A A "b -> 


B, - 


AAn | 

orbit _ ' 

(5 x 10~ 5 eV) 

(l.60 x 10 -19 

■J/eV) 

1 

-gp B Am s (2.0023) (9.27 x 10“ 24 J/T) 

H- 

V) 


— 0.431T : 


0.4T 


(. b ) If we consider the nucleus to be a loop of current with radius r, then the magnetic field due to 
the nucleus at the center of the loop (the location of the electron) is given in Example 28-12 as 

B a - Model the current as the charge of the nucleus moving in a circle, with a period as 
2 r 


given by circular motion. 
_ Aq _ e _ e 
At 


ev 


t(m e r)t 


T 2nrj\ 2nr 2nr(m e r ) 

Note that classically, m e rv — L e , the angular momentum of the electron, and so 
m/v = yjvJJ + 1 )Ti with 1 = 2. Thus we have the following: 

B _ ju 0 I _ ft 0 e^Jt(l + l)Tt _ eh MosJt(t + l) _ Fb/ / oV^(^ + 1 ) 

2 r 2 r 2 rent/ 2 2 m e 2nr l 2 nr 1 

From Figure 39-9 (b), we see that the most probable radius for the n = 2, f = 1 state is 
approximately r = 4 r 0 . We can now calculate the approximate magnetic field. 


B. = 


p B // 0N /f(f + l) _ (9.27xl0^ 24 J/T)(4^xl0^ 7 T.m/A)A 


2^(4r 0 ) 


2^[4(0.529xl0 _1 °m)] 


= 0.479T i 


0.5T 
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The two values are about 


0.479T-0.431T 


■ x ] 00 ~ 1 ] % different, and so are consistent. 


^ (0.479 T + 0.43 IT) 

54. The energy of a pulse is the power of the pulse times the duration in time. 


E = P At = (0.63 W)(23 x 10 3 s) = 0.01449J * 


0.014J 


The number of photons in a pulse is the energy of a pulse, divided by the energy of a photon as given 
in Eq. 37-3. 

E EA (0.01449J)(640 xl0' 9 m) 


hf he (6.63 x10' 34 J.s)(3.00 x 10 8 m/s) 


4.7 x 10 photons 



|55.| The angular half-width of the beam can be found in 

1 22 /. 

Section 35-4, and is given by d V2 = — , where d 

d 

is the diameter of the diffracting circle. The angular 
width of the beam is twice this. The linear diameter 

of the beam is then the angular width times the distance from the source of the light to the 
observation point, D — rO. See the diagram. 

2.44 (694x1 O' 9 m) 

(a) D = rO = r~ V t 

( b ) D — rd = r 


2.442 

d 

2.442 


d 


- (380 x 10 3 m)- 
= (384 x 10 6 m) 


3.6 x 10“ 3 m 
2.44(694 xl0“ 9 m) 
3.6 x 10“ 3 m 


180m 




1.8 x 10 5 m 


56. Intensity equals power per unit area. The area of the light from the laser is assumed to be in a 

circular area, while the area intercepted by the light from a light bulb is the surface area of a sphere. 


(a) 7 = ^ = -^= Q - 50x10 W 2 = 7 Q .74 w/m 2 *|71W/m 2 


P P 

0 b ) / = - = 


S nr /r(l.5xl0 3 m) 
15W 


5 4 nr \ K (2.0 m)" 


= 0.2984 W/m 2 *0.30 W/ 


nr 


The laser beam is more intense by a factor of ^O^ W/m ^ = 237 * |240 


0.2984 W/m 


57. Transition from the Ef state to the E ' state releases photons with energy 1.96 eV, as shown in 
Figure 39-21. The wavelength is determined from the energy. 
he (6.63 xl0‘ 34 J-s)(3.00xl0 8 m/s) 


?i — ■ 

A E (l .60 x 10~ 19 J/eV)(l.96eV) 

58. We use Eq. 39-16b. 


= 6.34 x 10 'm = 


634 nm 


N n 


EzzEf 
kT I 


= e 


(2.2eV)(l.60xl0“ 19 J/eV) 

(i.38x10 _23 J/k)(300K) 


= e 85 0 = 


1.2x10' 


N, 

~N n 


1 -e y kT 



(1.8eV)(l.60xl0 _1, J/eV) 



u 

(i.38x10“ 23 J/k)(300K) 

_ £-69.6 _ 1 

6.1 xlO' 31 
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59. The relative numbers of atoms in two energy states at a given temperature is given by Eq. 39- 16b. 
From Figure 39-20, the energy difference between the two states is 2.2 eV. 


-> T = - 


r x 

E 2 — E 0 

l 

N ' 


k ln^ 


l 



(22eV)( 1 .60*10- | U/eV) l 
(l .38 x 1CT 23 J/Kjln0.5 


60. Consider Eq. 39- 16b, with E n > E n „ To have a population inversion means that N n > AT. 

N. . , N. (E-E.,\ „ E-E., „ 


M f F - F 

>1 -> In-— 5 - = * * 

N„, { kT 


E — E 

> 0 -» — -< 0 

kT 


Since E n > E n ,, to satisfy the last condition we must have T< 0, a negative temperature. 

This negative “temperature” is not a contradiction. The Boltzmann distribution assumes that a 
system is in thermal equilibrium, and the inverted system is not in thermal equilibrium. The 
inversion cannot be maintained without adding energy to the system. If left to itself, the excited 
states will decay and the inversion will not be maintained. 

] (a) Boron has Z = 4, so the outermost electron has n = 2. We use the Bohr result with an 

effective Z. We might naively expect to get Z eff = 1, indicating that the other three electrons 
shield the outer electron from the nucleus, or Z eff = 2, indicating that only the inner two 
electrons accomplish the shielding. 

g- (l3.6eV)(Z eff ) 2 8 26 eV - ( 13 - 6eV X Z *) 2 ^ . - FT7Z1 

2 2 


E 2 = - 


“ ^ ^eff — 


This indicates that the second electron in the n — 2 shell does partially shield the electron that is 
to be removed. 

( b ) We find the average radius from the expression below. 

„ 2 r 2 2 (0.529 x 10“ lo m) — 

r = 2_l = — i . i= 1.36 x 10" 0 111 


(1.56) 


62. An h subshell has 1 = 5. For a given £ value, m t ranges from -£ to +£, taking on 21+ 1 different 
values. For each m t there are 2 values of m s . Thus the number of states for a given £ value is 
2(2£ + 1). Thus there are 2(2£ + 1) = 2(1 1) = 22 possible electron states. 


63. (a) Z= 25 is manganese. 



(b) Z= 34 is selenium. 



(c) Z= 39 is yttrium. 
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64. 


The value of £ can range from 0 to n 
is given by Eq. 39-3, L - ^£(£ + 1 )ti. 


L =0 ; L =V30 h 

min ’ max v 


1. Thus for n = 6, we have 0 < £ < 5. The magnitude of L 


65. (a) We treat the Earth as a particle in rotation about the Sun. The angular momentum of a particle 
is given in Example 1 1-7 as L = mvr, where r is the orbit radius. We equate this to the 
quantum mechanical expression in Eq. 39-3. We anticipate that the quantum number will be 

i 

very large, and so approximate [£(£ + l)] 2 as £. 


L ~ ^Earth V, Sun- 
Earth 


M2nr~ 


= £;[£(£ + l)] 2 - hi 




£ _ M Earth 


2 rcr 1 (5.98xl0 24 kg)2^(l.496xl0 n m) 2 


hT 


(1.055 x 10‘ 34 J-s)(3.156x10 7 s) 


= 2.5255 xlO 7 


2.5 xlO 7 


(b) There are 2£ + 1 values of m l for a value of £, so the number of orientations is as follows. 


TV = 2£ + 1-2(2.5255 x 10 74 ) + l = 5.051xl0 7 


5.1 x 10 7 


66. Eq. 37-15 gives the Bohr-theory result for the wavelength of a spectral line. For the Mosley plot, the 
wavelengths are for the K ff line, which has n = 2 and n' = 1. We assume that the shielding of the 
other n = 1 electron present reduces the effective atomic number to Z- 1. We use the value of the 
Rydberg constant from Section 37-11. 


I 

I 


f rjl 4 x 

Z e m 

y8ffgh 3 C J 

r * v 

5e m 
32 slh 3 c j 


1 1 


(z-i ) 2 


1 

-» — = 
A 


f 4 x 

e m 

v 8 slh 3 c j 


zM-i 

1 4 


1 

-» — = 
A 


f 4 X 

5e m 
32s 3 h 3 c j 


-» 


A 


= a{Z-b ) 


, a = 


f 4 \ 1/2 

3e m 


32 s~h 3 c 


b = 1 


-» 


a - 


( -j 4 X 

3e m 


f(l.0974xl0 7 m- 1 )]' 2 = 

2868.9m- 1/2 

v 32 s\h 3 c ^ 





67.| This is very similar to Example 39-3. We find the radial 

probability distribution for the n = 2, £ = 0 wave function, and 
find the position at which that distribution has a maximum. We 
see from Figure 39-8 that there will be two local maxima in the 
probability distribution function, and the global maximum is at 
approximately 5 r 0 . The wave function is given in Eq. 39-8. 


w 200 


i 


^32n:r 3 


( \ 
2 - — 
r o j 

.J f 


2 y 

p r = \nr ^ 200 f = - T 
8 r n 


2 - — 
r °J 


V 


(IP 

dr 


2 r 
8^ 



r x 

„ r 

2 r 2 

( X 

„ r 

r r 

r 2 

r 

( X 

„ r 

2 

r r 

2 

l r oJ 

e r ° +— r2 
8r 0 3 

2 

l r o) 

V r 0 y 

e 0 + — T 
8r 0 3 

2 

l r oJ 


v r 0. 
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( 2r o- ; ') 


re 




r 2 - 6r 0 r + 4 r 0 2 ) = 0 — > r -0, r- 2 r 0 , r 2 - 6r 0 r + 4r 0 2 = 0 


, , 6r„ ± J36r n 2 — 16r n 2 / t-\ 

r 2 — 6r n r + 4r () 2 = 0 — > r = — — — = ^3± v5j/' « 0.764?;,, 5.24r 0 

So there are four extrema: r - 0, 0.76r o , 2r 0 , 5.2/;,. From Figure 39-8 we see that the most probable 
distance is r — 


5.2 r n 


68. The “location” of the beam is uncertain in the transverse direction by an amount equal to the aperture 
opening, D. This gives a value for the uncertainty in the transverse momentum. The momentum 
must be at least as big as its uncertainty, and so we obtain a value for the transverse momentum. 

h h h 

Ap Ay > h A p > — = — p y ~ — 

Ay D D \/ 

The momentum in the forward direction is related to the D 


6 


/\ 


h 

wavelength of the light by p x = — . See the diagram to 

A 

relate the momentum to the angle. 

; “spread” = 29 = — 

Px h/A 2 jtD kD \D_ 

69. The magnitude of the angular momentum is given by Eq. 39-3, and L, i: 

given by Eq. 39-4. The cosine of the angle between L and the z axis is 
found from L and L z . 

L = JH(i + \ )ti ; Z, = m,Ti ; 9 = cos -1 — = cos -1 , 

V V ' * L ^7T) 

(a) For £ = 1, m ( = -1, 0, 1. 

»U=CO S -'T.= 


IS 


45 °| ; 9 l0 = cos 


>12 ' 


90 c 


0\-\ ~ cos 1 ~j= - 


135 c 


(. b ) For 1-2, m t = -2, - 1, 0, 1,2. 

i_2_ 

4~6 


2 

d 2 2 = COS * —j= 



, 1 


i o 


35.3° 

; 0 2 ! = cos —j= - 

65.9° 

; 0 , 0 = cos -j= = 

90° 


0 2 _ x - cos 1 — 4 


V6 

(c) For £ = 3, m t = -3, - 2, - 1, 0, 1 , 2, 3. 
?3 ' 3=cos " 

0 3O = cos 

6-2 _ 3 = cos 


ft 3 


30° 


2 

; 0 3 2 = cos' 1 


1 14. 1 ° | ; 0 in = cos -1 -J = | 144.7° 

2,2 V6 



^ 3n=C ° S_I ^ ; 

-3 


90° ; 0 3 _! = cos 


yjn 

,-i -1 


■J\2 


54.7° 




= 106.8° 


9 , = cos 1 — j= = |73.2‘ 
Vl2 


0 3 _ 2 = cos 1 —j== = 125.3 C 


y/12 


150 c 
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(d) We see from the previous parts that the smallest angle occurs for m t - £. 

100 


0u 


- cos 


V(ioo)(i°i) 


5.7 1 c 


no 6 ,io 6 = cos 


10 6 


(l0 6 )(l0 6 + l) 


0.0573° 


This is consistent with the correspondence principle, which would say that the angle between L 
and the z axis could be any value classically, which is represented by letting £ — > oo (which also 
means n — > oo ). 


70. (a) Since AL, - 0, A^— >co, and so 
value of d>. 


is u nk nown 


We can say nothing about the 


( b ) Since (p is completely unknown, we have no knowledge of the component of the angular 
momentum perpendicular to the z-axis. Thus | 


L r and L . are unknown. 


(c) The square of the total angular momentum is given by Is — IS x + L\ + L 2 _. Use this with the 
quantization conditions for L and L, given in Eqs. 39-3 and 39-4. 


Isolds Is sis, -> 


' + 1 )h 2 =L 2 x+ L 2 y smjh 2 -> l} x +L 2 y = [£(£ + l)-m f 2 ]/i 2 


I 


Ll+Ll = 


p(f + i) 


-m, 


71. (a) The mean value can be found as described in Problem 19. We use the first definite integral 
given in Appendix B-5, with n = 1 and a = 1. 


f— 1 = f-l^ool" 47tr 2 dr = r °4 7tr 1 dr = ^A—e r ° dr ; let x = 2 

yr) 0 r 0 r7Vr 0 r 0 o r o 

= — [ xe~ x dx - — (l) = — 
r o o r 0 r 0 

' r 1 

J— l^iooT 4 nr 2 dr = 


r 

— -» 
r o 


1 e~ — e 
U = -> U = - 


4 ns 0 r 


AkSq J 0 r 


1 e 2 


4nSo r 0 


(b) For the ground state of hydrogen, Eq. 3 7- 14a gives the energy, and Eq. 37-11 gives the Bohr 
radius. Substitute those expressions into E - U + K. 


E = 


4 

e m 

T e\h 2 


; u = - 


1 e 2 
4tt£o r 0 


( 1. 2„ > 


K = E -U - 


4 f 

e m 


8 s 2 0 h 2 


2\ 


1 e 

4/^o r 0 j 


4 

e m 


4 

e m 


h s. 


v Time j 


4 7T£ 0 r 0 8 E^h 2 4 7T£ 0 r 0 


8 


4 7T£ 0 r 0 8 x£ 0 r 0 8 K£ 0 r 0 


-w 


72. In the Bohr model, L Bohr = n — - 2% . In quantum mechanics, L QM - + ti. For n - 2, £ = 0 

2 n v 


or £ = 1, so that L QM = ^0(0 + 1) % - [o] or L QM - yjl(l + 1) Ti - > jlti 
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73.| (a) The 4 p — > 3 p transition is forbidden, because Al - 0 ^ ± 1 . 


( b ) The 3p — » Is transition is allowed, because Al - - 1 . 


(c) The 4t/ — > 3d transition is forbidden, because Al = 0 ^ ± 1 . 


(d) The 4 d — >3 s transition is forbidden, because Al = -2^ ±1. 


(e) The 4s — > 2p transition is allowed, because Al - + 1 . 


74. The binding energy is given by the opposite of Eq. 37-14b. 

7l 


- £ ,=(13.6eV)A = A5A 

" V ’ n 2 45 2 
The radius is given by Eq. 37-13. 

2 


6.72x10 eV 


= — (0.529 x 10“ lo m) = 45 2 (0.529 x 10" 10 m) = |l.07xl0~ 7 m 


The effective cross-sectional area is as follows. 

, . \2 

a 


■ nr 2 = ;r(l. 07x10 7 m) 


3.60x 10“ 14 m 2 


75. The wavelengths of emitted lines from one-electron atoms are given by Eq. 37-15. We can simplify 
the equation by using the Rydberg constant, so — = ZR f — ^ — V '] • The Lyman series with 


A ^n' 2 77 2 j 

hydrogen has Z = 1 and 77 ' = 1 . Every fourth line from the u nk nown element match the wavelengths 
of the first three Lyman lines. This gives three equations in three unknowns. 

1 


Z [.yman 

2 -> 1 


(\ 

1 

J 

1 

1 > 

3 ,r 1 1 \ 

— 

— z 2 r 

— 

-» — = Z 2 — — — 

U 2 

2 J 


777 , 

4 U 777 2 J 


■^Lyman 
3 -» 1 


= R\\-\ 

l 2 3 2 


= Z 2 R 


(777 + 4)" 


-> = Z 

9 


(777 +4) 


■^Lyman 
4 — » 1 


( 1 . 

1 ^ 

= z 2 r 

( 

1 

A 

1 

^ 1 *- z 2 


\ 

1 

ll 2 

"4 2 y 

77 2 

k 

(777 + 8) 2 ^ 

16 

77 2 

V 

(777 + 8) 2 ^ 


r 

1 

\ 

1 

_ Z A2__ A 

1 -+ 

( 

1 

\ 

1 

77 2 

V 

(777 + 4)" y 

^ \ 2 2 

\n m J 

1 36 

m 2 

(777 + 4 )" ^ 


Subtract the first equation from each of the other two equations. 

— - — = Z 2 
9 4 


is_3 2 
16 4 

Divide the resulting equations to eliminate Z, solve for 777, and then substitute to find Z. 


r 

1 

\ 

1 

_ Z <2_ O 

l -+ 

( 

1 

\ 

1 

77 2 

V 

(777 + 8 ) 2 y 

^ \ 2 2 
\n m ) 

1 16 

/72 2 

V 

(777 + 8) 2 y 


A z2 

36 = _ 
16 z ‘ 


1 


m 


1 


[m + 4) 


(«7 + 4)" - 


2 2 

777 


-» 


777 


(777 + 4 )" (777 + 2 ) (777 + 8 )" 


777 


(777 + 8 )" 


20 


27 (777 + 8 )" — 777 2 


2(777 + 4)" 


— » 


777 


(777 + 8 )" 


40(777 + 4) 3 = 27(777 + 2) (777 + 8)" — > 1 3 777 3 + 5 1 4777 2 + 6 O 8777 — 896 — 0 
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This is a cubic equation, which can be solved by numerical techniques. We first drew a graph, and 
saw that two of the 0’s of the function were negative, and one was near w = 8. The only acceptable 
results are for m > 0, and substitution verifies that m = 8 solves the equation. We use that result to 
find Z. 


A-z 2 

r 

1 

1 

- Z = \ 

lm 

r 

1 

1 

-1 

|m 

r 

1 

1 

16 

777 2 

V 

(/77 + 8 ) 2 y 

v 16 J 

777 2 

V 

(777 + 8 ) 2 y 


liej 

W " 

V 

(8 + 8) ! J 


= 4 


Thus the element is [beryllium) . The spreadsheet used for this problem can be found on the Media 
Manager, with filename “PSE4_ISM_CH39.XLS,” on tab “Problem 39.75.” 


76. (a) The additional energy due to the presence of a magnetic field is derived in Section 39-7, as 
U = |i H /77 t ,ZC. We use this to calculate the energy spacing between adjacent m l values. 

U = — » 

(9.27 x 10~ 24 J/T ) 


U = |l B /f A/77 t 


(b) 


(1.60x10 19 J/eV) 

As seen in Figure 39-4, the n = 3, 1-2 level will split 
into 5 levels, and the n - 2, l — 1 level will split into 3 
levels. With no restrictions, there would be 1 5 
different transitions possible. All transition s wou ld 


(1.6T) = 9.27 xlO~ 5 eV » |9.3x 10~ s eV 


n = 3, 1? = 2 


have the same An = 1 . Thus there are only [three] 


n = 2 J = 1 


+2 [u b B 
+/j b B 
0 

~Bb b 
~2 Mb B 


/«, = 


-l 


+1 


+Bb B 

0 

~Bb B 


(c) 


[unique wavelengths) possible: the one corresponding to 
a transition with Am e - +1 (a slightly larger energy 
change than in the B = 0 case), the one corresponding 
to a transition with Am e = 0 (the same energy change 
as in the B = 0 case), and the one corresponding to a 
transition with Am t = -1 (a slightly smaller energy 
change than in the B = 0 case). See the diagram, 
showing 9 possible transitions grouped into 3 actual energy changes. The value along the right 
side is the change in energy level due to the magnetic field interaction. 

Eq. 37-15 gives the wavelength for hydrogen, considering only a change in principal quantum 
number. The energies for those transitions is on the order of eV. The energy change due to the 
magnetic field interaction is much smaller than that, so we can use an approximation, knowing 
A E from part (a). We obtain E from Eq. 37-14b. 

1 1 


A 


A = h- 


R 


A 2 he _ A E 

— ^ A/l — — A E — — A, 


= [1.0974 x 10 7 m“' (I -i) J - 6.56096 x 10“ 7 m * 656. lOnm 

1 1 ^ 


^k= 3 -> 2 =13.6eV| ^ 


= 1.889eV 


A F 

AA=-A— = -(656.10 


nm 


f 9.27 x 10~ 5 eV^ 


^Am,=+l Ai=3->2 

^Am,=+1 = \=3->2 


1.889eV 
+ A A = 656.10nm- 0.032nm 
■ 0 


= 0.032 nm 


656.07 nm 


656.10nm 


=A= 3->2 +AA = 656.10nm + 0.032nm = 


656.1 3 nm 
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77. (a) We use Eq. 39- 16b, with the “note” as explained in the problem, multiplying the initial 
expression times f. 



J-13.6e V _-13.6eVj (l60xl0 _ 19j/ev) l 


(i.38x10“ 23 J/k)(300K) 

l kT ) _ 8 - 


Many calculators will not directly evaluate e 394 2 , so we do the following, 
x = e“ 394 ' 2 ; logx = -394.2 loge = -394.2(0.4343) = -171.2 ; 
x = 10“ 171 ' 2 = 10“° 2 lCr 171 = 0.631 xlCT 171 

N n , _-!Q4 9 ~ , „-l7l 14 , „-17! I 


= 4e“ 394 ' 2 = 4 ( 0.63 1 x 1(T 171 ) = 2.52 x 10“ 171 « 3x10“ 
JV, V ’ 

There are 18 states with n = 3, so we multiply by 

-^ -13^V _ -13.6eV j( 160xl0 -, 9j/eV )- 
( E, -EA (i.38x1(T 23 J/k)(300K) 


li - li \ kT ) _ IS 

t 2 e 2 e 


= 9e -467 ' 2 = 1.13x10 


( b ) We repeat the evaluations for the higher temperature. 

[(^MW--i3^yj( 160xl0 _ 19j/eV )- 
r E 2 -EA (i.38x10“ 23 J/k)(6000K) 


kT J 

T 2 e 2 e 


= 4e~ 19 ' 71 =1.10xl(T 8 «lxl(r 


1_3_ — 18 p \ kT ) _ 18 

T 2 c 2 c 


-13_6eV _ -13_6eV j( t 60x i o- 9 J/eV ) 
(i.38x10“ 23 J/k)(6000K) 


= 9e“ 23 36 = 6.44 x 1(T 10 ~ 6 x 1CT 


(c) Since the fraction of atoms in each excited state is very small, we assume that JV t is the number 
of hydrogen atoms given. 1.0 g of H atoms contains 6.02 x 10 23 atom s . 

N 2 =Af 1 (l.l0xl0' 8 ) = (6.02xl0 23 )(l.l0xl0“ 8 ) = 6.62xl0 15 «|7xIoil 

N } = jV, (6.44 x 10 10 ) = (6.02 x 10 23 )(6.44 x 1(T 10 ) = 3.88 x 10 14 * U x IQ 14 

(, d) We assume the lifetime of an excited state atom is 1 0 8 s. Each atom would emit one photon as 
its electron goes to the ground state. The number of photons emitted per second can be 
estimated by the number of atoms, divided by the lifetime. 

N, 4 x 10 14 , -i V, 7 x 10 15 i 1ft23 , 7-| 

n 3 = — 1 = — — 4x10 photons/s ; n 2 = — - = — — « 7x10 photons/s 


N 3 _ 4x10 
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Responses to Questions 

[l] (a) Covalent; (b) ionic; (c) metallic. 

2. A neutral calcium atom has 20 electrons. Its outermost electrons are in the 4s 2 state. The inner 18 
electrons form a spherically symmetric distribution and partially shield the outer two electrons from 
the nuclear charge. A neutral chlorine atom has 17 electrons; it lacks just one electron to have its 
outer shell filled. A CaCl 2 molecule could be formed when the outer two electrons of the calcium 
atom are “shared” with two chlorine atoms. These electrons will be attracted by both the Ca and the 
Cl nuclei and will spend part of their time between the Ca and Cl nuclei. The nuclei will be attracted 
to this negatively charged area, forming a covalent bond. As is the case with other asymmetric 
covalent bonds, this bond will have a partial ionic character as well. The two electrons will partly 
orbit the Ca nucleus and partly orbit each of the two Cl nuclei. Since each Cl nucleus will now have 
an extra electron part of the time, it will have a net negative charge. The Ca nucleus will “lose” two 
electrons for part of the time, giving it a net positive charge. 

3. No, neither the H 2 nor the 0 2 molecule has a permanent dipole moment. The outer electrons are 
shared equally between the two atoms in each molecule, so there are no polar ends that are more 
positively or negatively charged. The H 2 0 molecule does have a permanent dipole moment. The 
electrons associated with the hydrogen atoms are pulled toward the oxygen atom, leaving each 
hydrogen with a small net positive charge and the oxygen with a small net negative charge. Because 
of the shape of the H 2 0 molecule (see Figure 40-6), one end of the molecule will be positive and the 
other end will be negative, resulting in a permanent dipole moment. 

4. The molecule H 3 has three electrons. According to the Pauli exclusion principle, no two of these 
electrons can be in the same quantum state. Two of them will be Is 2 electrons and will form a 
“closed shell” and a spherically symmetric distribution, and the third one will be outside this 
distribution and unpaired. This third electron will be partially shielded from the nucleus and will thus 
be easily “lost,” resulting in an unstable molecule. The ion H 3 + only has two electrons. These Is 2 
electrons will form a closed shell and a spherically symmetric distribution, resulting in a stable 
configuration. 

5. The energy of a molecule can be divided into four categories: translational kinetic energy, rotational 
kinetic energy, vibrational kinetic energy, and electrostatic potential energy. 

6. Yes. The electron will spend most of its time between the two nuclei. Both positive nuclei will be 
attracted to this negative charge, forming a bond. 

[ 7 ] The carbon atom (Z = 6) usually forms four bonds because carbon requires four electrons to form a 
closed 2 p shell, and each hydrogen-like atom contributes one electron. 

8. The last valence electron of a sodium atom is shielded from most of the sodium nuclear charge and 
experiences a net nuclear charge of +le. The outer shell of a chlorine atom is the 3 p shell, which 
contains five electrons. Due to shielding effects, the 3 p electrons of chlorine experience a net nuclear 
charge of +5e. In NaCI, the last valence electron of sodium is strongly bound to a chlorine nucleus. 
This strong ionic bonding produces a large energy gap between the valence band and the conduction 
band in NaC-1, characteristic of a good insulator. 
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9. The conduction electrons are not strongly bound to particular nuclei, so a metal can be viewed as a 
collection of positive ions and a negative electron “gas.” (The positive ions are just the metal atoms 
without their outermost electrons, since these “free” electrons make up the gas.) The electrostatic 
attraction between the freely-roaming electrons and the positive ions keeps the electrons from 
leaving the metal. 


10. As temperature increases, the thermal motion of ions in a metal lattice will increase. More electrons 
will collide with the ions, increasing the resistivity of the metal. When the temperature of a 
semiconductor increases, more electrons are able to move into the conduction band, making more 
charge carriers available and therefore decreasing the resistivity. (Note: the thermal motion increases 
in semiconductors as well, but the increase in the number of charge carriers is a larger effect.) 


1 1 . When the top branch of the input circuit is at the high voltage (current is flowing in this direction for 
half the cycle), then the bottom branch of the output is at the high voltage. The current follows the 
path through the bridge in the diagram on the left. When the bottom branch of the input circuit is at 
the high voltage (current is flowing in this direction during the other half of the cycle), then the 
bottom branch of the output is still at high voltage. The current follows the path through the bridge 
in the diagram on the right. 




12. In an ideal gas, it is possible for all of the gas particles to have the same energy. (The velocity 

distribution of the particles in an ideal gas usually follows the Maxwell velocity distribution.) As the 
temperature of the gas increases, the kinetic energy of the gas increases. In a Fermi electron gas, 
only two electrons can have the same energy (Pauli exclusion principle). The electrons fill up the 
energy states up to the Fermi level. As the temperature of the Fermi gas increases, only the electrons 
in the top few levels can move to higher energy levels. The result is that the energy of the Fermi gas 
is not strongly temperature dependent. 


13. 


For an ideal pn junction diode connected in reverse bias, the holes and electrons that would normally 
be near the junction are pulled apart by the reverse voltage, preventing current flow across the 
junction. The resistance is essentially infinite. A real diode does allow a small amount of reverse 
current to flow if the voltage is high enough, so the resistance in this case is very high but not 
infinite. A pn junction diode connected in forward bias has a low resistance (the holes and electrons 
are close together at the junction) and current flows easily. 


14. The general shape of Figure 40-28 is the same for most metals. The scale of the graph (especially the 
x-axis scale and the Fermi energy) is peculiar to copper and will change from metal to metal. 


15. The base current (between the base and the emitter) controls the collector current (between the 
collector and the emitter). If there is no base current, then no collector current flows. Thus, 
controlling the relatively small base current allows the transistor to act as a switch, turning the larger 
collector current on and off. 
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16. The main difference between 77-type and / 7 -type semiconductors is the sign on the charge carriers. In 
an 77-type semiconductor the charge carriers are negative electrons. In a p - type semiconductor, the 
charge carriers are positive holes. 

17. A transistor can be used as an amplifier because small changes in the base current can make much 
larger changes in the collector current. (See Figure 40-43.) For a pnp transistor, both the collector 
and the base voltages are negative, and holes move from the emitter to the collector. The diagram for 
a pnp amplifier looks just like Figure 40-43, with the polarity of %% and \ reversed, / B and 7 C 
flowing in opposite directions, and the emitter arrow pointing toward the base. 

18. In Figure 40-43, the base-collector junction is reverse-biased and the base-emitter junction is 
forward-biased. 

19. The energy comes from the power supplied by the collector/emitter voltage source. The input signal 
to the base just regulates how much current, and therefore power, can be drawn from the collector’s 
voltage source. 

20. The phosphorus atoms will be donor atoms. Phosphorus has five valence electrons. It will form four 
covalent bonds with the silicon atoms around it, and will have one “extra” electron which is weakly 
bound to the atom and can be easily excited up to the conduction band. This process results in extra 
electrons in the conduction band. Silicon doped with phosphorus is therefore an 77 -type 
semiconductor. 

21. No. Ohmic devices (those that obey Ohm’s law) have a constant resistance and therefore a linear 
relationship between voltage and current. The voltage-current relationship for diodes is not linear. 
The resistance of a diode operated in reverse-bias is very large. The same diode operated in a 
forward-bias mode has a much smaller resistance. Since a transistor can be thought of as made up of 
diodes, it is also non-ohmic. 

22. No. Single diodes can be used to rectify signals, but cannot amplify signals. The diode will allow 
the signal to pass, if forward-biased, or not allow the signal to pass, if reverse-biased. Combinations 
of diodes with additional power sources, as in a transistor, are able to amplify a signal. 

23. Reversing the collector voltage would reverse the roles of the collector and emitter of the transistor. 
Unless the base-emitter voltage is also reversed, the transistor cannot act as an amplifier. 

Solutions to Problems 


Note: A factor that appears in the analysis of electron energies is 

j — = (9.00 x 10 9 N*m 2 /C 2 )(l.60 x 10“ 19 C) 2 = 2.30 x 10“ 28 J-m. 


[T] We calculate the binding energy as the opposite of the electrostatic potential energy. We use Eq. 23- 
10 for the potential energy. 


Binding energy = -U - 


1 Q& 


4ks 0 r 


I 0.28 x 10 m 


2.30 x 10~ 28 J«m 
0.28 x 10~ 9 m 


= 8.214 x 10 - 9 J « 8.2 x 10~ 19 J 


= 8.214 x 10~ 19 J 


1.60 x 10“ 19 J 


= 5.134eV* 5.1eV 
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2. From Problem 1, the “point electron” binding energy is 5.134 eV. With the repulsion of the electron 
clouds included, the actual binding energy is 4.43 eV. Use these values to calculate the contribution 
of the electron clouds. 


5.134eV -4.43eV = 0.704eV > 


0.70eV 


3. We calculate the binding energy as the difference between the energy 
of two isolated hydrogen atoms and the energy of the bonded 
combination of particles. We estimate the energy of the bonded 
combination as the negative potential energy of the two electron- 
proton combinations, plus the positive potential energy of the proton- 
proton combination. We approximate the electrons as a single object with a charge of 0.33 of the 
normal charge of two electrons, since the electrons only spend that fraction of time between the 
nuclei. A simple picture illustrating our bonded model is shown. 


P 

<- 


0.66e 

o 

-d- 


® 

-> 


U, 


isolated 


= 2(-13.6eV) = -27.2eV 


^bonded — ®-p + — 


4ns,, 


(- 

-2 

"e(0.66)e 

f 1 y 

LJ 


471*0 

1 d 

\ 2 u j _ 


4 ns 0 d 


(1-2.64) 


= (-1.64) 


(2.30xl0“ 28 J-m) 


(0.074 x 10“ 9 m)(l.60 x 10‘ 19 J/eV) 
^binding = ^ sedated " bonded = "27.2 eV - (-3 1 .9 eV) = 


= -31.9eV 


4.7eV 


This is reasonably close to the actual value of 4.5 eV quoted in the text. 


4. We follow the procedure outlined in the statement of the problem. 
HN: t((/ h j = i(74pm + 145pm) = 110pm 


CN: y(d Ci = j(l54pm + 145pm) = 150pm 


NO: +c? 0 ) = y(l45pm + 121pm) = 133pm 


According to the problem statement, 5.39 eV of energy is required to make an Li + ion from neutral 
Li, and 3.41 eV of energy is released when an F atom becomes an F~ ion. That means that a net 
energy input of 5.39 eV - 3.41 eV = 1.98 eV is needed to form the ions. We calculate the negative 
potential energy of the attraction between the two ions. 

1 g 2 (2.30 x 10“ 28 J -m) 


U = — 


4 ns 0 r 


(0.156 x 10~ 9 m)(l.60 x 10~ 19 J/eV) 


= -9.2 leV 


The binding energy should therefore be 9.21 eV - 1.98 eV = 7.23 eV. But the actual binding energy 
is only 5.95 eV. Thus the energy associated with the repulsion of the electron clouds is 7.23 eV - 


5.95 eV= 1.28 eV 


We convert the units from kcal/mole to eV/molecule. 

1 eV 1 mole 


, kcal 4186J 
1 x x 


mole lkcal 1.602x10 19 J 6.022 x 10 23 molecules 
Now convert 4.43 eV per molecule into kcal per mole. 
eV lkcal/mol 


4.339x10- 


eV 


molecule 


4.43- 


molecule 4.339x10 2 eV/molecule 


102kcal/mol 
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0 (a) The neutral He atom has two electrons in the ground state, n = 1, t = 0, m, - 0. Thus the two 

electrons have opposite spins, m s - ±\. If we try to form a covalent bond, we see that an 

electron from one of the atoms will have the same quantum numbers as one of the electrons on 
the other atom. From the exclusion principle, this is not allowed, so the electrons cannot be 
shared. 

( b ) We consider the He 2 + molecular ion to be formed from a neutral He atom and an He + ion. It 
will have three electrons. If the electron on the ion has a certain spin value, it will have the 
opposite spin as one of the electrons on the neutral atom. Thus those two electrons can be in the 
same spatial region, and so a bond can be formed. 


The units of T are Jfrl_ 

I (kg*nr) (kg*m/s jm (N*m) J 


9. The reduced mass is given in Section 40-4 as // = ■ 


We calculate in atomic mass units. 


(a) KC1: n = = ( 3 9.10u)(35.45u) = | 18 59u 

m l +m 2 (39.10u) + (35.45u) 

(4) o,: „ = ( 1 <S.°0u)(16.°0u) m 

m l +m 2 (16.00u) + (16.00u) L — — 

(e) HC1: = ( 1 008 “)W 4Su > = |o^oin 

m x +m 2 (l.008u) + (35.45u) 


10. (a) The moment of inertia of 0 2 about its CM is given by 

frY m Q r 2 

I -2mA - . 


(1.055 xlO' 34 J.s) 2 


tr rf 


= 1.789 xl(T 4 eV 


21 m Q r 2 (l6)(l.66xl0“ 27 kg)(0.121xl0‘ 9 m) 2 (l.60xl0' 19 J/eV) 

« |l.79xlQ^e'v1 

2 tr 

(b) From Figure 40-17, we see that the energy involved in the f = 2 to H = 1 transition is — — . 
. r. 2ti "" .Pi . ( . , 4 i -4 -t t I7TTT 7777 771 


AE = —— - 4— — - 4(l .789 x 10~ 4 eV) = 7.156 x lO^eV » |7.16 x lO'VV 

c he (6.63 xl0' 34 J.s)(3.00xl0 8 m/s) — , 

A E = h- -> A = = -A : ,, \ = 1.74 x 10~ 3 m 

X A E (7.156 x 10“ 4 eV)(l.60 x 1CT 9 J/eV) 


1 1 . Use the rotational energy and the moment of inertia of N 2 about its m N 

CM to find the bond length. Q ^ 

, , m 2 m y „ pi 2 n 2 ^ 1 r . 

I=2m 4~ =^^ E m t=—= — j r r 

\2J 1 11 m N r 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

537 











Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


l (1.055 xlO‘ 34 J«s) 

A J(2.48xl0‘ 4 eV)(l.60xl0 19 J/eV)(l4.01u)(l.66xl0' 27 kg/u) 


= 1.10x10' ■ |0 m 


12. The longest wavelength emitted will be due to the smallest energy change. From Figure 40-17, the 
smallest rotational energy change is AE = h 2 / 1 . We find the rotational inertia from Eq. 40-4. 

A V I* 2 llC 

I A 

, he T 4 n 2 C\ 777.772, | 2 

A — —I — — r 

h h ^ m l +m 1 

4;r 2 (3.00x1 0 8 m/s) [ (6.941u)(l.008u)l / „ . w „ ^2 

= — 7—^ — - (l. 66x10 kg/u)(o. 16x10 m) 

(6.63x10' 34 J.s) |_ 6.941u + 1.008u J v a ’ 

- 16.7 x 10“ 4 m 


The energies involved in the transitions are given in Figure 40-17. We find the rotational inertial 
from Eq. 40-4. The basic amount of rotational energy is ft 2 //. 

7; 2 _ 7; 2 _ h 2 _ 2 h 2 _ 2( l .055 x 10~ 34 J«s) 2 

I f 777,777, A ( 2"7?7 h 7' 2 ) 77i H r 2 (l .008 u) (l .66 x 1 0~ 27 kg/u) ( o ,074 x 1 0“ 9 m) 2 


= 2.429 Xl0 -21 J 


(a) For £ = 1 to £ = 0: 


AE = — = 2.429 x 10 -21 J 
/ 


1.60xl0“ 19 J/eV 


he (6.63 x 10“ 34 J*s)(3.00 x 10 8 m/s) 


2.429 xlO‘ 21 J 


= 1.5xlO _2 eV 


= 8.2x10 'm 


c b ) For£ = 2to£=l: 


p.2 ill 

AE = 2 — = 2 ( 2.429 x 1 0~ 21 j) = 3.0xl0~ 2 eV 

/ V ^1.60x10“ 9 J/eV J 

he (6.63 x10“ 34 J-s)(3.00x 10 s m/s) — 

T= — = 4 7 !A — , -L= 4.1xl0* 5 m 

AE 2(2.429 xl0 _21 j) 


(c) For £ = 3 to £ = 2: 


Pi 2 ili 

AE = 3 — = 3 (2.429 x 1 0~ 21 j) = 4.6x1 0“ 2 eV 

/ V ^1.60x10“ 9 J/eV ) 

he (6.63 xl0“ 34 J.s)(3.00x 10 s m/s) 

A= — = 4 7 A — '-A = 2.7 x 10~ 5 m 

AE 3(2.429 xl0‘ 21 j) 
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14. The energy change for transitions between combined rotational and vibrational states is given above 
Eq. 40-8a. 

A£ = + ^rot = ¥ + A E mt 

If A E = hf is to be in the spectrum, then A E m - 0. But the selection rules state that At - ±1 for a 
transition. It is not possible to have At = 0 for a transition. The only way to have A E iot = 0 is for 
At = 0, which is forbidden. Thus A E = hf is not possible. Elere is a mathematical statement as 
well. 

A£„, = £ |M| -£,=(» + Af)(f + Af+l)E-f(f + l)|l = Af(2f + At + l)E 
For A E iot = 0, mathematically we must have At = 0, which is forbidden. 


15. (a) The reduced mass is defined in Eq. 40-4 
m c m 0 (12.01u)(16.00u) 




m c + m Q (12.01u) + (16.00u) 


6.86u 


( b ) We find the effective spring constant from Eq. 40-5. 


k = 4^/V = 4 n 2 (6.42 x 10 13 Hz)~ (6.86u)(l.66 x 10“ 27 kg/u) = |l850N/m 


The spring constant for IE is estimated in Example 40-6 as 550 N/m. 
k co _ 1850N/m _ ^ 
ku 


550N/m 


3.4 


16. The effective spring constant can be found from Eq. 40-5, using the vibrational frequency and the 
reduced mass. 


f = T-J— k = 4/r/ 2 /v = 4n 2 f 2 
2n V ju 


m,m 


l" l 2 


m x + m 2 


= 4 n 2 (1.7 x 10 13 Hz) 2 ( 6 - 941u )( 79 - 904u ) E 66 x i 0 - 27 kg/u) = |l20N/ 
v ’ (6.941u + 79.904u) v ’ L 


17. We first find the energies of the transitions represented by the wavelengths. 


AE, = — = 


he (6.63 x 10“ 34 J-s)(3.00 x 10 8 m/s) 


A E,= — = 


A (l .60 x 10~ 19 J/eV)(23.1 xl0“ 3 m) 
he (6.63 x 10“ 34 J-s)(3.00 x 10 8 m/s) 


A E,= — = 


Since AEl 


A (l .60 x 10“ 19 J/eV)(l 1.6 x 10“ 3 m) 

he (6.63 x 10' 34 J.s)(3.00 x 10 8 m/s) 
A ~ (l .60 x 10~ 19 J/eV)(7.71 x 10~ 3 m) 
16.12 


= 5.38x10 eV 


= 10.72x1 0‘ 5 eV 


= 16.12xlO‘ 5 eV 


1072 -2 and 


3, from the energy levels indicated in Figure 40-17, and 


A E x 5.38 AE, 5.38 

from the selection rule that At - ±1, we see that these three transitions must represent the t - 1 to 
t - 0 transition, the t- 2 to t - 1 transition, and the t - 3 to t — 2 transition. Thus A E x - Ti 2 / 1 . 
We use that relationship along with Eq. 40-4 to find the bond length. 
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H 2 Tr 


AE, = — = 


r — 


I /ur 
h 

V/ /A£I i 


-> 


(1.055 xlO' 34 J-s) 


(22.990u)(35.453u) 
(22.990 u + 35.453u) 


(1.66 x 10~ 27 kg/u)(5.38 x 10‘ 5 eV)(l.60 x 10“ 19 J/eV) 


2.36 x 10~ 10 m 


18. (a) The curve for U = \k(x - r 0 ) 2 - 4.5 eV is shown in Figure 40-1 8 as a dotted line. Measuring 

on the graph with a ruler gives the distance from the origin to the 0.1 nm mark as 38 mm. The 
measured distance from the origin to the largest x-intercept of the parabola is 45 mm. Taking a 
ratio gives the distance from the origin to the largest x-intercept as 0.1 18 nm. We fit a parabolic 
curve to data. 

U = jk(x-r o y~ 4.5eV ; U x=r ^ =^k(of -4.5eV = -4.5cV (check) 

^o.nsnm = l k (0- 1 1 8 nm - r 0 ) 2 - 4.5eV = 0 -> 


k - 


2(4.5eV) _ w9 eV 

f 1 . 60 x 10 “ I9 U 

( 10 9 nnA 

(0. 118nm- 0.074 nm) 2 nm 2 

l ^ J 

l lm J 


= 743.8N/m 


740 N/m 


(. b ) The frequency of vibration is given by Eq. 14-7a, using the reduced mass. Use this relationship 
to find the wavelength. 

r _ 1 [k _ c 
2n\n A 


\u , , x 0.5(l.00794u)(l.66xl0“ 27 kg/u) 

X = 2nc\^~ = 2k 3.00 x10 s m/s J ^ 

Vb \ 1 IV 743.8N/m 


2.0x10 6 m 


19.| Consider the system in equilibrium, to find the center of 
mass. See the first diagram. The dashed line represents the 
location of the center of mass. 

=m 1 i 2 -m 2 (£-£,) — > 


£ = £, + £, ; m,- 



m 




m~, 


-l 


m l + m 1 


* 2 =' 


m, 


-l 




m l + m 2 


Now let the spring be stretched to the left and right, 
but let the center of mass be unmoved. 

x = x 1 +x, ; m l (£j + x t ) = 777 , (f 2 + x 2 ) — > 




-x, l, — 


m x l x + m l x l — + m 2 x 2 


m,x j = m n x. 


2 JV 2 


m~, 



777, 


->◄— x n 


This is the second relationship requested in the problem. Now use the differential relationships. 


d 2 x, , d 2 x 2 , 

m, — -U- = —kx ; m 2 — -f- = —kx — > 


1 dt 2 


2 dt 2 


d~x, k 

T~ ~ X 

dt" 


777 , 


d~x 2 

~df 


k 

777 , 


d 2 x, d 2 x 2 , 

- + — f- = -kx 


dt 2 


dt 


1 1 
— + — 


— > 


d"(x, + X 2 ) 777 , + 777 , k 

— — ^ L = -kx— - = X ->■ // 

M 


d 2 x 

2 # wv m/v r ^ 

dt" m x m 2 u dt" 


= -kx 
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This last equation is the differential equation for simple harmonic motion, as in Eq. 14-3, with m 

1 (J 

replaced by //. The frequency is given by Eq. 14-7a, / = — which is the same as Eq. 40-5. 

2n\n 


20. The ionic cohesive energy is given right after Eq. 40-9, and derived in the solution to Problem 25. 
The Madelung constant is 1.75. 


u 0 = - 


a e~ 
4 xe 0 r 0 


1 - — 
m 


= -(1.75) 


(2.30 x 10“ 28 J*m) 


(0.28 x 10' 9 m)(l.60x 10 -19 J/eV) 


(M) = 


-7.9 eV 


21. Because each ion occupies a cell of side s, a molecule occupies two cells. Use the value of the 
density to solve for the desired distance. 


P = 


volume 2 5 3 


-» 


s 


m 


NaCl 


2 P 


(58.44u)(l.661 x 10“ 27 kg/u) 

( 1 r\6 — , 3 \ 


2 2.165 


cm 3 ; 


1kg 

lOOOg 


10 cm 
lm 3 


2.826 xl(T l0 m 


22. Because each ion occupies a cell of side s, a molecule occupies two cells. Use the value of the 
density to solve for the desired distance. 


P = 


volume 2s 


-> 


^ m KCl 

2 P 


1/3 


(39.10u + 35.45u)(l.661 x 10“ 27 kg/u) 


2 1.99- 


1kg 
cm 3 h lOOOg 


^ 10 6 cm 3 ^ 
lm 3 


3.15xlO“ 10 m 


23. According to Section 40-5, the NaCl crystal is face-centered cubic. It is 
illustrated in Figure 40-24. We consider four of the labeled ions from 
Figure 40-24. See the adjacent diagram. The distance from an Na ion 
to a Cl ion is labeled as d, and the distance from an Na ion to the nearest 
neighbor Na ion is called D. 

D -d^2 - (0.24nm)V2 = I 


0.34nm 



Cl 


Na 


24. See the diagram. Select a charge in the middle of o © o © 
the chain. There will be two charges of opposite j I 

sign a distance r away, two charges of the same sign \ r \ 

a distance 2 r away, etc. Calculate the potential energy of the chosen charge. 


U = 


f -2e 2 ^ 


4 ne n 


+ - 


4 K£ n 


( -P2e^ ^ 
2 r 


+ - 


Arte n 


f -2^ 
3 r 


4 ns n 


^ +2e 2 ^ 
V 4r y 


+ • 


2e 2 

4^-£- 0 r 


(l-T + i _ i + ’”) 


© © 
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From Appendix A, ln[l + x) = x-jx 2 +\x 2 -jx 4 — . Evaluate this expansion at x = 1. 


2e~ 


ln(l + l)-l-i + i-{ + -"-ln2 -> U (l-T + |-i + -")- - 


4 ns 0 r 


2e 

4 ns 0 r 


-ln2 


From Section 40-5, the potential energy is given as U — - 
potential energy to evaluate the Madelung constant. 


ae~ 

4 ns 0 r 


Equate the two expressions for the 


U = - 


ae 

4 ns 0 r 


2e 
4 ns Q r 


-ln2 


a = 21n2 


|25.| (a) Start with Eq. 40-9 and find the equilibrium distance, which minimizes the potential energy. 
Call that equilibrium distance r 0 . 


TT a e 2 B dU 

U = + — ; 

4 ns 0 r r m dr 


r a e 2 


B 


>-r 0 \ 


4ns 0 r~ 


— m- 


a e~ B 

- - m — — = 0 — > 


J r=rn 


4^o 4) 


B = 


_ 2 m - 1 

a e r 0 
4 tts 0 m 


a e 2 r"'~ x 


tt tt! \ a e~ B 

U n =U(r = r n ) = + — 

V ’ 4ns n r n r™ 


a e~ 4 ns n m 
- + 5 


4ns 0 r 0 


a e~ [ 1 


- 0 '0 '0 

(. b ) For Nal, we evaluate U 0 with w = 10, a - 1.75, and r 0 = 0.33 nm. 


4ns 0 r 0 


A 
m J 


u 0 = - 


a e 2 f, 14 2.30 x 10“ 28 J-m 


4ns 0 r 0 


1 - — 
m j 


- -(1.75) 


(0.33 x 10“ 9 m)(l.60 x 10' 19 J/eV) 


(l- t L) = -6.861eV 


-6.9 eV 


(c) For MgO, we evaluate U 0 with m = 10 , a = 1.75, and r 0 = 0.2 lnm. 


u 0 =- 


a e~ 
4ns 0 r 0 


1 


1 - — 
m j 


= -(1.75) 


2.30 x 10' 28 J-m 


(0.21 x 10“ 9 m)(l.60 x 10‘ 19 J/eV) 


(l__L) = _10.78eV 


-lleV 


(d) Calculate the % difference using m = 8 instead of m = 10. 


u 0 -u 0 


a e (\ _ it a e (i _ xt 

4ns 0 r 0 8 4 ns 0 r 0 10 _ 


U, 


0 

m = 10 


a e 
4ns 0 r 0 


(1-*) 


(l-*) (1-tSr) 


= -0.0278 


- 2 . 8 % 


26. We follow Example 40-9. The density of occupied states (number of states per unit volume in an 
infinitesimal energy range) is given by Eq. 40-15. Because we are using a small energy range, we 
estimate the calculation with a difference expression. We let A represent the number of states, and V 
represent the volume under consideration. 

N * g(E )VAE = e U2 VAE 

£ = }(£ f + 0.985£ f ) = 0.9925 £ f ; AE = E F -0.985£ F = 0.015E F = 0.0822eV 
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N = 


8V2/r (9. llxl 0“ 31 kg) 3 
(6.63 x 10' 34 J-s) 3 


- ^/0.9925 (5.48 eV) (l.O x 10“ s m 3 ) (0.0822 eV)(l.60x 10^ l9 J/eV) 3 


1.3 xlO 21 states 


27. We follow Example 40-9. The density of occupied states (number of states per unit volume in an 
infinitesimal energy range) is given by Eq. 40-15. Because we are using a small energy range, we 
estimate the calculation with a difference expression. We let N represent the number of states, and V 
represent the volume under consideration. 


N*g(E)VAE = 


Zsllmn' 2 


E l,1 V AE 


h 3 


8V2/r(9.11xlO“ 31 kg) 3 
(6.63 x 10“ 34 J.s) 3 


- A /(7.025eV)(l.0xl0- 6 m 3 )(0.05eV)(l.60xl0-' 9 J/eV) 3 


= 9.0 x 10'° states 


28. The density of molecules in an ideal gas can be found from the ideal gas law. 

P 1.013 x 10 5 Pa 


N 5 

PV = NkT -> | — 
V 


kT (l.38 x 10~ 23 J/K)(285K) 


= 2.576 xlO 25 nT 3 


We assume that each copper atom contributes one free electron, and use the density of copper as 
given in Table 13-1. 


JV N 

v, 

N} 

V 


le 


Cu atom 


6.02 x 10' Cu atoms 
63.546 x 10' 3 kg 


,3 1 — \ 


.9x10 kg 


m 


= 8.431 x 10 28 nT 


N} 

V 


2.576 x 10 25 m~ 3 
8.431xl0 28 nT 3 


3.1x10" 


29. We use Eq. 40-14 for the occupancy probability, and solve for the energy. The Fermi energy is 
7.0 eV. 

(a) Evaluate for T= 295 K. 

f(E) = ^r It > 


/(£) = 


(E-Ej, 

)!« T + l 

kT In 

1 

J(E) 

6.96eV 

T=750 K. 


1 

(E-E„ 

e 

)! kT + l 

kT\n 

1 

J(E) 

6.89eV 


-1 


+ E T — 


(l .38 x 10” 23 J/K) 
(l.60xl0 19 J/eV) 


(295 K) In 


1 


0.850 


--1 


+ 7.0eV 


-» 


-1 


+ E F — 


(l .38 x 10" 23 J/K) 
(l.60xl0~ 19 J/eV) 


(750 K) In 


1 


0.850 


— 1 


+ 7.0eV 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

543 










Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


30. We use Eq. 40-14 for the occupancy probability, and solve for the energy. The Fermi energy is 
7.0 eV. 

(a) Evaluate for T= 295 K. 

/(£) = ^L > 


/(£) = 


e (E ~ E F 

)Ar + i 

kT\n 

1 

J(E) 

7.04eV 

r=950 K. 


1 

e (E ~ E * 

)Ar + i 

kT\n 

1 

J(E) 

7.14eV 


-1 


+ E F — 


(l .38 x 10“ 23 J/K) . ( 1 

-f y(295K)ln 

(l.60xl0^ 19 J/eV) 1,0.150 


-1 


+ 7.0eV 




-1 


f 1 .38 x 10“ 23 J/k) , 

+ E ¥ =} — -4- 950 K) In 

(l.60xl0' 19 J/eV) V ' ^0.150 


-1 


+ 7.0eV 


|31.| The occupancy probability is given by Eq. 40-14. The Fermi level for copper is 7.0 eV. 

/= 7t = - ! a — = 0.0159 


(E-E F )/kT 


+ 1 e 


{l.0lSE F -E r )/kT 


+ 1 


^0.015(7.0eV)(l.60xl0“ 19 J/eV)ypl.38xl0 _23 J/K)(295K)] 


1.6% 


32. We follow Example 40-10. 

(a) Because each zinc atom contributes two free electrons, the density of free electrons is twice the 
density of atoms. 


~ = (7 100 kg/m 3 ) 


6.02 x 10 23 atoms/mol 
65.409 x 10 3 kg/mol 


(2 free electrons/atom) = 1.307 x 10 29 m 


1 1.3 x 10 29 mf 3 


( b ) The Fermi energy is given by Eq. 40-12. 


E, : = 


h ( 3 N 


\ n V 


- 9.414eV i 


(6.63x10“ 34 J*s) 


8(9.1 lxl0' 31 kg) 


n 


(1.307 xl0 29 m‘ 3 ) 


1 


1.60 xl0“ 19 J/eV 


9.4eV 


(c) The Fermi speed is the speed of electrons with the Fermi energy. 


v - h - , 

2(9.414eV)(l.60 x 10“ 19 J/eV) 

F V m ^ 

(9.1 1 x 10“ 31 kg) 


1.8 x10 s m/s 


33. We follow Example 40-10. We need the number of conduction electrons per unit volume of sodium. 


N 

V 


(970kg/m 3 ) 


6.02 x 10 23 atoms/mol 
22.99 x 10 -3 kg/mol 


(lfree electrons/atom) = 2.540 x 10 28 m 


The Fermi energy is given by Eq. 40-12. 
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£f=' 


h 1 ( 3 N 


(6.63x10‘ 34 J-s) 2 


8 m\3tV) 8(9.11xl0" 31 kg) 


n 


(2.540 xl0 28 nT 3 ) 


-an i 


1 


1.60x10 J/eV 


3.2eV 


The Fermi speed is the speed of electrons with the Fermi energy. 


v,= / 

[2 ~E~ V _ 

2(3.159eV) 

(1.60x10" 

"J/eV) 

777 ]j 

1 

(9.1 1 x 10~ 31 kg) 

1 


1.1 x 10 6 m/s 


3.159eV 


34. ( a ) Find the density of free electrons from Eq. 40-12. 




&m \ k V 


-» 


[ 8mE ¥ ^ 

3/2 

TC 

8(9.1 lxl0- 31 kg)(ll.63eV)(l.60xl0“ 19 J/eV) 

{ h 2 J 

1 _ T 

(6.63x10“ 34 J.s) 2 


= 1.7945 xl0 29 m' 3 


1.79 x 10 m 


29 „ -3 


(b) Let n represent the valence number, so there are n free electrons per atom. 
N 


V 


(270kg/m 3 ) 


6.02 xlO 23 atoms/mol ' 


27.0x10 3 kg/mol 


27.0 x 10 3 kg/mol 
6.02 x 10 23 atoms/mol 


1 


270 kg/m 3 


(n free electrons/atom) — > 
(l.7945 x 10 29 m“ 3 ) = 2.981 « [ 3 ] 


This agrees nicely with aluminum’s position in the periodic table, and its electron configuration 
of l.v 2 2.v 2 2/; ft 3.v 2 3/9 l . The level 3 electrons are the valence electrons. 

35. We calculate the given expression, with T= 0, so that the maximum energy is E F . The value of f(E) 
at T= 0 is given below Eq. 40-14. 

Er Ef ( 8^2 JT ~ 3 ' 2 A Er 


J En 0 (E)dE | Eg(E)f(E)dE \e 


E = 


_ 3/2 A 
nm 1/2 

l 


(1 )dE J E vl dE 


E r f 


j n n (E)dE \g{E)f{E)dE j 


[ 8V2. 


3/2 A 

xm 1/2 


/t 3 


(1 )dE J E V2 dE 


j 


2 pSI2 

- — 3 r 

2 F V2 5 C F 

3 C F 


36. We first find the density of neutrons, and then use Eq. 40-12. 


N 

V 


1 neutron 
1.675x1 0‘ 27 kg 


h 1 f 3 N 
E c — — 


v 2/3 


[2.5(1.99 xl0 30 kg)] 
(6.63x10“ 34 J.s) 


1 


8w v n V _ 
= 109.8MeV 


8(l. 675 x 10~ 27 kg) 


'(12,000m) 
(4.103 xl0 44 m^ 3 ) 


= 4.103 xl0 44 nfr 3 


2/3 . 


v 1.60x1 O' 13 J/MeV y 


llOMeV 
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37. We start with Eq. 38-13 for the energy level as a function of n. If we solve for n, we have the 

number of levels with energies between 0 and E. Taking the differential of that expression will give 
the number of levels with energies between E and dE. Finally, we multiply by 2 since there can be 2 
electrons (with opposite spins) in each energy level. 



38. We use Eq. 40-14, with E - E v . 

1 1 _ 1 _ 1 
J - e (^)/H- + 1 - e o + 1 - 1 + 1 - 2 

The result is independent of the value of T. 

39. (a) Eq. 38-13 gives the energy levels as a function of n, the number of levels. Since there are 2 

electrons in every energy level, n = N / 2. The Fermi energy will be the highest energy level 
occupied with N electrons. 


n 8 ml 2 12 ’ 8 ml 2 32ml 2 


— — ■ 


8ml 2 2 8ml 2 32ml 1 32ml 2 

( b ) The smallest amount of energy that this metal can absorb is the spacing between energy levels. 


AE - E,,,, -E = 


- (n + 1) 2 -« 2 ] = — — tt(2« + 1) = — —7y(N + 1) 
L V ’ J 8ml 2 ' ’ 8m 2 V ’ 


( c ) We calculate the limit requested. 


AE _ 8ml 2 
E v h 


(»+i) 


E, h'N 1 [jVj 

32ml 2 

For large N, this is a very small change in energy. Thus a very small change in energy will 
allow an electron to change energy levels, and so the metal conducts very easily. 

40. (a) We use Eq. 40-14, with the data as given in the problem. 

E-E (0.12eV)(l.60xl0“ 19 J/eV) 

F - A ; ’ = 4.74848 


kT A-(l.38xl0^ 23 J/K)(293K) 


/ e (E-E r )lkT + x e 4.74848 + 1 8 - 590 >< 10 


8.6x10^ 


This is reasonable. Very few states this far above the Fermi energy are occupied at this 
relatively low temperature. 

(. b ) Use a similar calculation to part (a). 

E-E (-0.12eV)(l.60xl0~ 19 J/eV) 
kT ^(1.38 x 10“ 23 J/KJ(293K) 


(E-E P )/kT 


+ 1 e“ 4 ' 74848 + l 1.008665 


= 0.991409 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

546 










Chapter 40 


Molecules and Solids 


(c) Since the probability that the state is occupied is 0.991409, the probability that the state is 
unoccupied is 1 - 0.991409 = 8.591 x 10 3 a 8.6 x 1CT 3 . This is the same as part (a). 


41. We consider the cube to be a three-dimensional infinite well, with a width of £ in each dimension. 
We apply the boundary conditions as in Section 38-8 separately to each dimension. Each dimension 
gives a quantum number which we label as n v n 2 , and n v We then have a contribution to the 
energy of the bound particle from each quantum number, as in Eq. 38-13. 

h 2 , h 2 , h 2 h 2 


E = E. + E n + E, = n. 

1 - 3 1 8 mf- 


+ 77, 


- + 77, 


-(/7, 2 +n 2 +n\ j, Wp/jjj/jj = 1,2,3,-- 


8/77 £ 2 3 8/7/£ 2 8mE 2 

Specifying the three quantum numbers gives a state and the corresponding energy. 


Choosing axes as specified in the problem, the equation of a sphere of radius R in that coordinate 
system is R 2 = n 2 + n 2 + n\. Each state “contained” in that sphere could be indicated by a cube of 
side length 1, and each state can have two electrons (two spin states). The “volume” of that sphere is 
j of a full sphere. From that we calculate the number of states in one octant, and then g(E). 


N = 2{^nR 2 =^(n 2 + nl + nl) 


, 1 dN 1 n 

s(E) = vm ’¥¥ 


8/77 £ 2 

~1F 


-E' ,2 =- 


8/77 £ 2 
— E 

f 8/77 ") 


J 

3/2 


E V1 = 


8a/2; 


E ui 


h' 


42. The photon with the minimum frequency for conduction must have an energy equal to the energy 

gap- 

h c (6.63 xl(T 34 J.s)(3.00xl0 8 m/s) . 

E =hf = — = \ ’X-, — t = f2T4eVl 


A (l.60xl0^ 19 J/eV)(580xl0‘ 9 m) 


|43.| The photon with the longest wavelength or minimum frequency for conduction must have an energy 
equal to the energy gap: 

h c he (6.63xl0‘ 34 J-s)(3.00xl0 8 m/s) 


A = ^ = = V" ~ "A" - - HZ = pop xi 0 - 6 m = 


/ 


(l.60xl0' 19 J/eV)(l.l4eV) 


1.09 jum. 


44. The energy of the photon must be greater than or equal to the energy gap. Thus the longest 
wavelength that will excite an electron is 

c he he (6.63xl0- 34 J.s)(3.00xl0 8 m/s) 

A- — = — = — = -^-7 , n , , = 1.7x10 m = 1.7//m 

/ hf E g (l.60x 10 _ 9 J/eV)(0.72 eV) 


Thus the wavelength range is A <1.1 // m . 


45. (a) In the 2s shell of an atom, i - 0, so there are two states: m s = ±\. When N atoms form bands. 


each atom provides 2 states, so the total number of states in the band is 1 2N\ 

(b) In the 2 p shell of an atom, £ = 1, so there are three states from the m t values: m = 0, ± 1 ; each 
of which has two states from the m s values: m s -±\, for a total of 6 states. When N atoms 


form bands, each atom provides 6 states, so the total number of states in the band is | 6/V. 
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(c) In the 3 p shell of an atom, l = \, so there are three states from the m e values: m t = 0, ± 1 ; each 
of which has two states from the m s values: m — ±|, for a total of 6 states. When N atoms 

15 s 2 5 


form bands, each atom provides 6 states, so the total number of states in the band is | 6N. \ 

(d) In general, for a value of i, there are 21 + I states from the m l values: m l = 0, ±1, ... ,±t For 
each of these there are two states from the m s values: m s = ±\, for a total of 2(21 + l) states. 


When N atoms form bands, each atom provides 2(2 1 + l) states, so the total number of states 
in the band is 


IN (21 + 1 ). 


46. The minimum energy provided to an electron must be equal to the energy gap. Divide the total 
available energy by the energy gap to estimate the maximum number of electrons that can be made 
to jump. 

N V (760xl0 J eV) 

E, (0.72eV) 


1.1 X 10 f 


47. Calculate the number of conduction electrons in a mole of pure silicon. Also calculate the additional 
conduction electrons provided by the doping, and then take the ratio of those two numbers of 
conduction electrons. 


N Sl = 


N. 


(28.09 xl(T 3 kg/ mol) 
(2330kg/m 3 ) 

(6.02 x 10 23 atoms) 


(lO 16 electrons/m 3 ) = 1.206 x 10 11 electrons/mole 


doping 


1.2 xlO 6 


= 5.017 x 10 7 added conduction electrons. 


(5.017X10 17 ) 
N Sl (l.206xl0 n ) 


= 4. 16 x 10 6 ® 4 x 10 


48. The wavelength is found from the energy gap. 

c _ he _ he _ (6.63 x 1Q- 34 J«s)( 3.00 x IQ 8 m/s) _ ^ o 
/ hf E g (l.60xl0' 19 J/eV)(1.6eV) ' X ™ 


0.78//m 


|49.| The photon will have an energy equal to the energy gap: 


h c (6.63 xl0‘ 34 J.s)(3.00xl0 8 m/s) 

E = hf - — = t 7 — v = 1 1 .8 eV 


A (l.60xl0^ 19 J/eV)(680xl0‘ 9 m) 


50. From the current-voltage characteristic graph in Figure 40-38, we see that a current of 12 mA means 
a voltage of about 0.68 V across the diode. The battery voltage is the sum of the voltages across the 
diode and the resistor. 


^battery = ^diode + K = 0.68 V + (0.012 A)(860Q) = 


11V 
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5 1 . The battery voltage is the sum of the voltages across the diode 
and the resistor. 


V =V + V • 

' battery y diode ' R ’ 


V A; 


2.0V = F diode + / (1500) i = + 


2.0V 


1500 1500 

This is the equation for a straight line which passes through 
the points (0 V, 13.3 mA) and (0.8 V, 8 mA). The line has a 
y-intercept of 13.3 mA and a slope of 6.67 mA/V. If we 
assume the operatin g voltag e of the diode is about 0.7 V, then 
the current is about 


.6 mA|. There is some approximation 


involved in the answer. 


/ (mA) 


30 - 

- 


20 - 

1 


10 - 

Forward" * ,l, » /. 



bias J 

i 

( 

) 0.2 0.4 0.6 

— I 

0.8 


V (volts) 


52. We have copied the graph for V > 0 and rotated it so that it shows V as a function of I. This is the 
first diagram below. The resistance is the slope of that first graph. The slope, and thus the 
resistance, is very high for low currents, and decreases for larger currents, approaching 0. As an 
approximate value, we see that the voltage changes from about 0.55 V to 0.65 V as the current goes 
from 0 to 1 0 mA. That makes the resistance about 1 0 ohms when the current is about 5 mA. The 
second diagram is a sketch of the resistance. 



R (£2) 



53. 


(a) 


(b) 


For a half-wave rectifier without a capacitor, the current is zero for half the time. We 
approximate the average current as half of the full rms current. 


! ( 120V ) 

2 R 2 (35kO) 


1.7mA 


For a full-wave rectifier without a capacitor, the current is positive all the time. We 
approximate the average current as equal to the full rms current. 


/ 


av 


R 


(120V) 

(35kO) 


3.4mA 


54. 


The band gap is the energy corresponding to the emitted wavelength. 


he 1 

^6.63x10“ 34 J 

•s) 

(3.00xl0 8 m/s) 

2 

(l.3xl0‘ s m) 

(l.60xl0 -19 J/eV) 


0.96eV 


55. 


There will be a current in the resistor while the ac voltage varies from 0.6 V to 9.0 V rms. Because 
the 0.6 V is small, the voltage across the resistor will be almost sinusoidal, so the rms voltage across 
the resistor will be close to 9.0 V- 0.6 V = 8.4V. 


(a) For a half-wave rectifier without a capacitor, the current is zero for half the time. We ignore 
the short time it takes for the voltage to increase from 0 to 0.6 V, and so current is flowing in 
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the resistor for about half the time. We approximate the average current as half of the full rms 
current. 


V 8 4V 

' _ 1 rms _ 1 v 

av 2 R 2 0.120kD 


35mA 


(b) 


For a full-wave rectifier without a capacitor, the current is positive all the time. We ignore the 
short times it takes for the voltage to increase from 0 to 0.6 V, and so current is flowing in the 
resistor all the time. We approximate the average current as the full rms current. 


/ 


av 


R 


8.4V 

0.120kD 


70 mA 


56. (a) The time constant for the circuit is r, = RC X = (28 x 10 3 £2)(35 x 10 6 f) = 0.98s. As seen in 

Figure 40-40(c), there are two peaks per cycle. The period of the rectified voltage is 
T - ^j-s = 0.0083s. Because t x » T, the voltage across the capacitor will be essentially 

constant during a cycle, so the average voltage is the same as the peak voltage. The average 
current is basically constant. 


(b) 


V 

T _ avg 

avg R 


^peak _ V2 (120 V) 


R 


R 


6.1mA 


(28x10 3 Q) 

With a different capacitor, the time constant for the circuit changes. 

r 2 =RC 2 = (28 x10 3 q)(0. 10 x10 -6 f) = 0.0028s 
Now the period of the rectified voltage is about 3 time constants, and so the voltage will 
decrease to about 5% (e -3 j of the peak value during each half-cycle. We approximate the 

voltage as dropping linearly from its peak value to 0 over each half-cycle, and so take the 
average voltage as half the peak voltage. 

, r ~ , I I V2 (120 V) | 

(28xl0 3 Q) 


R 


R 


3.0mA 


57. By Ohm’s law, the output (collector) current times the output resistor will be the output voltage. 


Kmt i c R c Rc 


v„ t K, 


0.35V 


i c pi B 95(l.O x10“ 6 a) 


= 36840 = 


37000 


58. By Ohm’s law, the output (collector) current times the output resistor will be the output voltage. 
K ut = i c Rc = /Me = (85)(2.0 x 10- 6 A)(43000) = 


0.73V 


59. By Ohm’s law, the output (collector) current times the output resistor will be the output voltage. 

V out =i c R -> i c = — = ^ = 65 (°' Q8QV ) _ 2 .O 8 x 10 ’ A < 

ou c c R R 25,0000 


0.21mA 


60. (a) The voltage gain is the collector ac voltage divided by the base ac voltage. 
V r LR r „ R, 




^7.8kO A 




B il B 

(. b ) The power amplification is the output power divided by the input power. 
i 1 ■ 


R b 


3.8kO 


= 153.9 « 150 


^ = fijfiy = (75)(153.9) = 1 1,543 * |l2,000 


i V 

B 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

550 













Chapter 40 


Molecules and Solids 


61 


The arrow at the emitter terminal, E, indicates the direction of current I E . The current into the 
transistor must equal the current out of the transistor. 



62. For an electron confined in 1 dimension, we find the uncertainty in the momentum from Eq. 38-1, 

% 

A p ~ — . The momentum of the electron must be at least as big as the uncertainty in the 
Ax 

Ti p 2 

momentum, so we approximate p ~ — . Finally, we calculate the kinetic energy by K = . Find 

Ax 2m 

the difference in the two kinetic energies based on the two position uncertainties. 

K-’ 1 * l 


2m 2m (Ax) 


A k = K — K 

v in atoms v molecule 


2 m 


( Ax ),n atoms (M 


2 

molecule . 


(l.055 x 10“ 34 J*s) 2 

1 

1 

( 1 " 

2(9.1 Ixl0‘ 31 kg) 

(0.053 xl0‘ 9 m) 2 

_ V /in atoms 

(0.074 xl0“ 9 m) 2 

V / molecule _ 

^ 1.60x1 0' 19 J/eV J 


= 6.62eV 

There are two electrons, and each one has this kinetic energy difference, so the total kinetic energy 
difference is 2(6.62eV) = 13.2eV * 


13eV 


63. We find the temperature from the given relationship. 

, , ^ „ 2K 2(4.0eV)(l.60x IQ" 19 J/eV) 

“ ! 3/. 3(1.33 ■ 10 "I K| 

<») K = \kT -> T-™- 2 2 O^eVXl.^x.O-'U/eV) 

3 k 3(l.38 x 10“ 23 J/K) 


3.1 x 10 4 K 


930K 


64. (a) 


(b) 


The potential energy for the point charges is found as from Eq. 23-10. 


U = — 


1 


(2.30 x 10“ 28 J*m) 


4 7te 0 r 


(0.27 x 10 _9 m) (l .60 x 10“ 19 J/eV) 


= -5.32 eV- 


-5.3eV 


Because the potential energy of the ions is negative, 5.32 eV is released when the ions are 
brought together. The other energies quoted involve the transfer of the electron from the K 
atom to the F atom. 3.41 eV is released and 4.34 eV is absorbed in the individual electron 
transfer processes. Thus the total binding energy is as follows. 


Binding energy = 5.32 eV + 3.41eV -4.34eV = 4.39eV 


4.4eV 


65. The diagram here is similar to Figure 40-9 and Figure 40-11. 
The activation energy is the energy needed to get the (initially) 
stable system over the barrier in the potential energy. The 
activation energy is 1.4 eV for this molecule. The dissociation 
energy is the energy that is released when the bond is broken. 
The dissociation energy is 1.6 eV for this molecule. 
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66. (a) The equilibrium position is the location where the potential energy is a minimum. We find that 
location by setting the derivative of the potential energy equal to 0. 

U = U 0 [ ; ^ = 26/ 0 [l-e“ a( '" , '“ ) ](ae“ <!(r “ r “ ) ) = 0 -> 1 -g^) = 0 
a (V-r 0 ) = 0 — > r-r 0 

The dissociation energy is the energy difference between the two states of equilibrium 
separation and infinite separation. 

AU=U r ^-U r __ ro =U 0 [l-e-^- r ° 

(, b ) See the included graph. The 

spreadsheet used for this problem can 
be found on the Media Manager, with 
filename “PSE4_ISM_CH40.XLS,” 
on tab “Problem 40.66b.” 



67. (a) 

(b) 


The reduced mass is defined in Eq. 40-4. 

m H m a (l.008u)(35.453u) i — 

u = li— £1_ = ^ L^ = 0.9801u 

»7 H +/i7 cl (l.008u) + (35.453u) 

We find the effective spring constant from Eq. 40-5. 

f ‘inly ~ * 

k = 4 nfn = 4 7t 2 (8.66 x 10 13 Hz) 2 (0.9801u)(l.6605 x 10~ 27 kg/u) 
The spring constant for H, is estimated in Example 40-6 as 550 N/m. 


k co 482 N/m 
k H 550N/m 



68. Vibrational states have a constant energy difference of A£/ ib = 0.54eV, as found in Example 40-7. 

trU 

Rotational states have a varying energy difference, depending on the £ value, of A E rot = —j~, where £ 

represents the upper energy state, as given in Eq. 40-3. 

= = = £ (1-055 x IQ" 34 J.s) 2 

1 Mn T (0.5)(l.008u)(l.66 x 10“ 27 kg/u) (0. 074 x 10~ 9 m) 2 (l .60 x 10^ 19 J/eV) 

= (0.0152eV)£ 

Each gap, as represented in Figure 40-17, is larger. We add those gaps until we reach 0.54eV. 
i = 1 -> l = 0 : A E ml = 0.0152eV ^AE rol = 0.0152eV 

1 = 2 -> £ = 1: AE rot =2(0.0152eV) ^AE rot = 3 (0.0152 eV) = 0.0456 eV 

£ = 3 -> £ = 2 : AE rot = 3(0.0152eV) ^AE rot = 6(0.0152eV) = 0.0912eV 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

552 








Chapter 40 


Molecules and Solids 


£ = 4 -> £ = 3 : A£ rot = 4(0.0152eV) ^A£ rol = 10(0.0152eV) = 0.152eV 

£ = 5 -> £ = 4 : A£ rot =5(0.0152eV) ^A£ rot = 15(0.0152eV) = 0.228eV 

£ = 6 -> £ = 5 : A£ rot =6 (0.0152 eV) ^A£ rot = 2l(0.0152eV) = 0.3192eV 

£ = 7 _> £ = 8 : A£ rot = 7(0.0152eV) ^A£s rot = 28(0.0152eV) = 0.4256eV 

£ = 8 -> 1-7 : AE Iot = 8(0.0152eV) ^A£ rot = 36(0.0152eV) = 0.5472 eV 


So we see that rotational states from £ = 0 to l-l can be “between” vibrational states, or a total of 
8 rotational states. 


69. The Boltzmann indicates that the population of a state decreases as the energy of the state increases, 
according to N lt cc e~ E " T . The rotation energy of states increases with higher £ values, according to 

Eq. 40-2. Thus states with higher values of £ have higher energies, and so there are fewer molecules 
in those states. Since the higher states are less likely to be populated, they are less likely to absorb a 
photon. As an example, the probability of absorption between £ = 1 and £ = 2 is more likely than 
between £ = 2 and £ = 3, and so the peak representing the transition between £ = 1 and £ = 2 is 
higher than the peak representing the transition between £ = 2 and £ = 3. 

The molecule is not rigid, and so the distance between the two ions is not constant. The moment of 
inertia depends on the bond length, and the energy levels depend on the moment of inertia. Thus the 
energy levels are not exactly equally spaced. 


70. From Figure 40-17, a rotational absorption spectrum would show peaks at energies of ft 2 //, 2 tr/l, 
3fr 2 / 1 , etc. Adjacent peaks are separated by an energy of hi 2 / 1 . We use the photon frequency at 
that energy to determine the rotational inertia. 

A j_ fr _n 2 _ h _ (6.63 x 10~ 34 J»s) 

/ A E hf An 2 f An 2 (8.4 xlO n Hz) 



71. To use silicon to filter the wavelengths, wavelengths below the IR should cause the electron to be 
raised to the conduction band, so the photon is absorbed in the silicon. Fet us find the shortest 
wavelength that will cause the electron to jump. 

c he he (6.63xl0“ 34 J-s)(3.00xl0 8 m/s) 

f hf E g (l.60xl0“ 19 J/eV)(l.l4eV) 

Because this is in the IR region of the spectrum, the shorte r wavelengths o f visible light will excite 
the electron and the photon would be absorbed. So silicon could be used as a window. 


72. The kinetic energy of the baton is \Iof , and the quantum number can be found from Eq. 40-2. Fet 
the length of the baton be d. We assume the quantum number will be very large. 

, r i i{i + i )h 2 l 2 tf 

A I CO" — — — « H> 

2 21 21 


1 2w end ) 2 + Ttm h J 2 = 

n L -i/z 

= 2(0.38kg)(0.16m) 2 + 1 V(0.26kg)(0.32m) 2 


2/r(l.6s -1 ) 

(l .055 x 10“ 34 J*s) 


= 2.07 x 10 3 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

553 








Physics for Scientists & Engineers with Modern Physics, 4 th Edition 


Instructor Solutions Manual 


The spacing between rotational energy levels is given by Eq. 40-3. We compare that value to the 
rotational kinetic energy. 

A T__/ 1 1 

E 


fh 2 

21 


21 2(2.07 x 10 33 ) 


= 2.4x10“ 


This is such a small difference that it would not be detectable, so |no|, we do not need to consider 
quantum effects. 


73.| From the diagram of the cubic lattice, we see that an atom inside the cube 
is bonded to the six nearest neighbors. Because each bond is shared by 
two atoms, the number of bonds per atom is 3 (as long as the sample is 
large enough that most atoms are in the interior, and not on the boundary 
surface). We find the heat of fusion from the energy required to break the 
bonds: 

number of bonds V number of atoms j 


atom 


mol 


r* 



T127J/mol® 1 lOOJ/moi] 


74. The longest wavelength will be the photon with the minimum energy. 
he 


AT = ■ 


2 


— > — ■ 


AT 


( 6 - 

63xl0“ 3 

4 J*s) 

(3.00 x10 s m/s) 

1 

(3.6eV) 

(l.60xl0“ 19 J/eV) 

1 


= 3.5 x 10 7 m 


So the photon must have A < 3.5 x 10 7 m| . 


75. The photon with the minimum frequency for conduction must have an energy equal to the energy 

gap- 

E h j he (6.63xl0' 34 J-s)(3.00xl0 8 m/s) 


A (l.60xl0“ 19 J/eV)(226xl0“ 9 m) 


5.50eV 


76. (a) We calculate the Fermi temperature, for a Fermi energy of 7.0 eV. 

(7.0eV)(l.60xl0“ I9 J/eV) 


r ? = ^ = - 

F k 


1.38 x 10“ 23 J/K 


Ux10 4 K 


(b) We arc given that T » 7), and we assume that e ' »1. 

f(E)=- 1 111 


,(E-E f )/kT 


+ 1 


E kTf\ 

kT kT J + j 


e +1 e" ' + 1 e' 

This is not useful for conductors like copper, because the Fermi temperature is higher than the 
melting point, and we would no longer have a solid conductor. 


77. We use Eq. 40-11 with the limits given in order to determine the number of states. 


‘-‘I 

N = V^ g(E)dE - 


8^2, 


Kin 


3/2 e 2 


-V | E x/1 dE ■ 


8V2, 


nnr 


-v\(e™-e™) 
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16>/2/r(9.1 lxl0‘ 31 kg) 3 
3(6.63 xlO“ 34 J-s) 3 
= 3.365 xlO 25 


(0.1m) 3 f (6.2eV) 3/2 - (4.0eV) 3/2 l(l.60 x 10“ 19 J/eV) 


3x10 


78. (a) For the glass to be transparent to the photon, the photon must have less energy than 1.14 eV, 

and so the wavelength of the photon must be longer than the wavelength corresponding to 1.14 
eV. 

„ he 


J band gap 


A. = ■ 


K 

he 


-» 


J band gap 


(6.63 x 10' 34 J-s)(3.00 x 10 8 m/s) 
(l.l4eV)(l.60xl(T 19 J/eV) 


= 1.09 x l(T 6 m -> \A > 1.09 xl0~ 6 m 


The minimum wavelength for transparency is in the |infrared| region of the spectrum. Since IR 
has longer wavelengths than visible light, the silicon would not be transparent for visible light. 
The silicon would be opaque, as in Example 40-14. 

(b) The minimum possible band gap energy for light to be transparent would mean that the band 
gap energy would have to be larger than the most energetic visible photon. The most energetic 
photon corresponds to the shortest wavelength, which is 450 nm in this problem. 


F > F = 

^ band gap ^ ^ ^ 


he (6.63 x 10“ 34 J»s)( 3.00 x 10 8 m/s) 
’ (450xl0“ 9 m)(l.60xl0 19 J/eV) 


= 2.7625eV- 


2.8eV 


|79.| The photon with the maximum wavelength for absorption must have an energy equal to the energy 

gap- 

he (6.63 xl(T 34 J*s)(3.00xl0 8 m/s) 




A (l.60xl0“ 19 J/eV)(l.92xl0‘ 3 m) 


6.47x10 4 eV 


80. (a) The electrons will not be moving fast enough at this low temperature to use relativistic 

expressions, so the momentum is just the mass times the speed. The kinetic energy of the 
electrons can be found from the temperature, by Eq. 18-4. The kinetic energy is used to 
calculate the momentum, and the momentum is used to calculate the wavelength. 


K - jkT - 1— — > p - \j3mkT 
2m 




h 


(6.63x10‘ 34 J-s) 


'JlmkT ^3(9 xl0^ 31 kg)(l.38x 10^ 23 J/K)(300K) 


= 6.27x10 9 m: 


6nm 


( b ) The wavel ength is mu ch longer than the opening, and so electrons at this temperature would 
experience diffraction when passing through the lattice. 


8 1 . The photon with the longest wavelength has the minimum energy. 
he (6.63 x 10“ 34 J*s)( 3.00 x 10 8 m/s) 


E - - 

g A (l.60 x 10~ 19 J/eV)(l 100 x 10~ 9 m) 


= 1.130eV: 


1.1 eV 


If the energy gap is any larger than this, some solar photons will not have enough energy to cause an 
electron to jump levels, and so will not be absorbed. 
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82. The energy gap is related to photon wavelength by E — hf - he/ A. Use this for both colors of 
LED. 

(6.63 x10' 34 J-s)(3.00x 10 8 m/s) 


Green: 


Blue: 


E = - 

g (l.60xl0“ l9 J/eV)(525xl0“ 9 m) 

(6.63 x 10“ 34 J.s)(3.00 x 10 8 m/s) 
(l.60xl0“ l9 J/eV)(465xl0“ 9 m) 


2.37eV 


2.67 eV 


83. The arsenic ion has a charge of +1, since we consider the ion as having been formed by removing 
one electron from the arsenic atom. Thus the effective Z will be 1, and we can use the Bohr theory 
results for hydrogen. We also substitute Ke 0 in place of e 0 . 

(a) The Bohr energy is given in Eq. 37-14a and b. The binding energy is the opposite of the ground 
state energy, so we use n = 1 . 


rj2 4 

Z e m 


i i 


^ binding 


8(^o ) 2 h 2 n 


K 1 


C Z 2 e A m ^ 

W , 


= ^r('3-6eV) = 


0.094 eV 


( b ) The Bohr radius is given in Eq. 37-11. 

■ 12(0.529 x 10~ 10 m) ■ 


h 2 { Ke o) _ K h 2 e 0 


nmZe 


6.3x10 l0 m 


nme 


84. From Eq. 25-13, the number of charge carriers per unit volume in a current is given by n - 


ev &m A 


where v dnfl is the drift velocity of the charge carriers, and A is the cross-sectional area through which 

%, 

the carriers move. From Eq. 27-14, the drift velocity is given by v drift = — — , where \ is the Hall- 

Bd 

effect voltage and d is the width of the strip carrying the current (see Figure 27-32). The distance d 
is the shorter dimension on the “top” of Figure 40-47. We combine these equations to find the 
density of charge carriers. We define the thickness of the current-carrying strip by t — A/d . 

I IBd IB (0,28*10- S A)(1,3T) , _ / , 

n = = = 7 — r- -7 — 7 = 1.264x10 electrons/m 

ev dnfl A e \ A e %t (l-60 x 10 19 Cj(0.018 V)(l.O x 10“ 3 m) 

The actual density of atoms per unit volume in the silicon is found from the density and the atomic 
weight. We let that be represented by N. 


N = (2330kg/ m 3 ) 


lmole 


28.0855 xl0' 3 kg 


6.02 x 1 0 23 atom s 
lmole 


= 4.994 xlO 28 atoms/ 


nr 


n 1 .264 x 1 0 20 electrons/ m 3 
N 4.994 xlO 28 atoms/m 3 


2.5x10 9 electrons/atom 


85 


We assume the 130 V value is given to the nearest volt. 

(a) The current through the load resistor must be maintained at a constant value. 


V 

T output 

load r\ 

TV, 1 


(130V) 

(I8.0kfi) 


7.22 mA 


At the minimum supply voltage, there will be no current through the diode, so the current 
through R is also 7.22 mA. The supply voltage is equal to the voltage across R plus the output 
voltage. 
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V R = Aoad^ = (7.22 mA) (2.80 kD) = 20.2 V ; E supply = V R + F output 

min 


150V 


At the maximum supply voltage, the current through the diode will be 120 mA, and so the 
current through R is 127 mA. 


V R = 7 load i? = (127.22 mA)(2.80kO) = 356 V 


V =v+v 

supply R output 


486V 


(b) 


The supply voltage is fixed at 245 V, and the output voltage is still to be 130 V. The voltage 
across R is fixed at 245 V -130 V = 115 V. We calculate the current through R. 


V- ,( 115 V - 4UmA 

R (2.80kD) 


If there is no current through the diode, this current will be in the load resistor. 


r> Moad 

Woad — T 


130V 

41.1mA 


3.16kD 


If /? load is less than this, there will be a greater current through R, meaning a greater voltage 
drop across R, and a smaller voltage across the load. Thus regulation would be lost, so 
3.16 kQ is the minimum load resistance for regulation. 


If 7? load is greater than 3.16 kQ, the current through R kad will have to decrease in order for the 
voltage to be regulated, which means there must be current through the diode. The current 
through the diode is 4 1 . 1 mA when R lmd is infinite, which is less than the diode maximum of 


120 mA. Thus the range for load resistance is 


3.16 kO < 7? load < go. 


86 . 


The voltage as graphed in Figure 40-40c decays exponentially, according to Eq. 26-9b. As 
suggested in the problem, we use a linear approximation for the decay, using an expansion from 
Appendix A-3. From Figure 40-40c, we see that the decay lasts for approximately one-half of a 
cycle, before it increases back to the peak value. 


V =V e~ 

min peak 


-» 


Kmn _ g -t/T „ i _ l_ _ j _ i 2 («) S ) 

Ppeak ~ r RC (7.8x10 3 Q)(36x10- 6 f) 


0.97 


The voltage will decrease 3% from its maximum, or 1.5% above and below its average. 


87. 


The spreadsheet used for this problem can be found on the Media Manager, with filename 
“PSE4_ISM_CH40.XLS,” on tab “Problem 40.87.” 
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0 b ) 


(c) 


(d) 





We see that for temperatures even as high as 1000 K, there is very little probability of electrons 
being above the Fermi level. Only when the temperature gets quite high do we see a significant 
increase in the probability of electrons to have an energy higher than the Fermi energy. 


i. (a) The total potential energy is due to the electron-electron interaction, the proton-proton 
interaction, and 4 electron-proton interactions. 


2 1 2 1 

U = U rr + U„+4U„=-^—- + -^—— + 4 
pp p 4 ns 0 d 4 ns n r r 


' 0 '0 


2 A 


4ns, 


1 


o 4 d(\d)~ +{\r Q )~ 



r 


\ 

e 

1 

-I- 

1 

8 

4 ns n 

d 

V 

r o 

\l r o +d ) 
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(b) 


U has a minimum at 
d 


0.043 nm 


U < 0 for 


the approximate range 
0.01 lnm < d < 0.5 lnm. 


The spreadsheet used for 
this problem can be found 
on the Media Manager, 
with filename 
“PSE4_ISM_CH40.XLS,” 
on tab “Problem 40.88b.” 



(c) To find the point of greatest stability, set the derivative of U with respect to d (indicated by U ' ) 
equal to 0 and solve for d. 

, f \ 


U = 


4 ns n 


1 1 

— + 


d r 0 ^ + d 1 


-» 


U' = 


2 

e 

A_f_T 

1 8 ( 2d ) 

2 

e 

f 

8 d 

\ 

1 

4 ns 0 

d 2 { 2) 

\r 2 + d 2 f J 

4 ns 0 

{ (r^d 2 f 

y 


8 d 


= -y — > 8 1/ 3 = (r 0 2 +rf 2 ) — > 2d - ^(r 0 2 + d 2 ) 


( r o +d 2 ) 


Art 1 — 2 A .A 2 v A — r ° — ^-^4 

4d — Fr. + d — ^ d — • 


= 0 


-» 


V3 V3 


0.0427 nm 


89. We first find the wavelength for a photon that has 1.14 eV of energy. This is the maximum 
wavelength that will be able to make electron-hole pairs. 


E = — 

gap" k 


x = 


h c (6.63x10‘ 34 J.s)(3.00x 10 8 m/s) 


= 1.09 xl0 _6 m = 1090 nm 


(l.l4eV)(l.60xl0“ 19 J/eV) 

Any wavelength shorter than 1100 nm will be effective. The 1000 W/m 2 value includes all 
wavelengths of solar photons reaching the Earth, so we need to find what fraction of solar photons 
have wavelengths below 1100 nm. We do this using the Planck formula, from Section 37-1. We 
find the following using numeric integration, for a temperature of 6000 K. 


fraction of effective photons = ■ 


1 Irchc 2 A 5 

hc/lkT 7 
e -1 


d / 1 


• 2/r/ic‘T 

iicTxkf 


-1 


d/ 1 


The Planck function is shown in the figure for T= 6000 K. We approximated the upper limit for the 
full integration as 4000 nm, and obtained a ratio of 0.79. Thus we use an effective solar energy input 
of 790 W/m 2 . To estimate the number of incoming photons, we use an average photon wavelength 
of 500 nm, estimated simply by looking at the Planck function graph. We also assume that each 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

559 








Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


photon produces only one electron- 
hole pair, even though many of 
them would have enough energy to 
create more than one. 

The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH40.XLS,” on tab 
“Problem 40.89.” 



I 

A 


Solar energy 


1 "average" photon 
Energy for 500 nm photon 


1 electron produced 
1 solar photon 


Charge 

electron 


(790 W/m 2 ) I — I (l .60 x 1 0“ 19 C) = (790 W/m 2 ) 


(500 x 10“ 9 m)(l.60 x 10~ 19 C) 
(6.63 x 10~ 34 J-s)(3.00 x 10 8 m/s) 


318C/s-m 2 
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CHAPTER 41: Nuclear Physics and Radioactivity 


Responses to Questions 

[f] All isotopes of the same element have the same number of protons in their nuclei (and electrons in 
the atom) and will have very similar chemical properties. Isotopes of the same element have 
different numbers of neutrons in their nuclei and therefore different atomic masses. 

2. (a) uranium; ( b ) nitrogen; (c) hydrogen; (d) strontium; (e) berkelium. The element is determined by 
the atomic number. 

3. Z is the number of protons and N is the number of neutrons. 

(a)Z=92, N= 140; (b)Z=l,N= U; (c)Z=l,N=0; (d) Z= 38, N= 44; (e) Z= 97, N= 150. 

4. If there are 88 nucleons and 50 neutrons, then there are 38 protons. Strontium is the element with 38 
protons. 

5. The atomic masses given in the periodic table are averaged over the isotopes of the element in the 
percentages in which they occur in nature. For instance, the most common form of hydrogen has one 
proton and no neutrons, but other naturally occurring isotopes include deuterium (one proton and 
one neutron) and tritium (one proton and 2 neutrons). These latter two are much less common, and 
the resulting “weighted average” for the mass of hydrogen is 1.0079. 

6. A force other than the gravitational force or the electromagnetic force is necessary to explain the 
stability of nuclei. In most nuclei, several protons and neutrons are confined to a very small space. 
The gravitational attractive force between the nucleons is very small compared with electromagnetic 
repulsion between the protons. The strong nuclear force overcomes the electromagnetic repulsion 
and holds the nucleus together. 

[ 7 ] The strong force and the electromagnetic force are two of the four fundamental forces in nature. 
They are both involved in holding atoms together: the strong force binds quarks into nucleons and 
nucleons together in the nucleus; the electromagnetic force is responsible for binding negatively- 
charged electrons to positively-charged nuclei and atoms into molecules. The strong force is the 
strongest of the four fundamental forces; the electromagnetic force is about 100 times weaker at 
distances on the order of 10" 17 m. The strong force operates at short range and is negligible for 
distances greater than about the size of the nucleus. The electromagnetic force is a long range force 
that decreases as the inverse square of the distance between the two interacting charged particles. 
The electromagnetic force operates only between charged particles. The strong force is always 
attractive; the electromagnetic force can be attractive or repulsive. Both these forces have mediating 
field particles associated with them. The gluon is the particle for the strong force and the photon is 
the particle for the electromagnetic force. 

8. Chemical processes are the result of interactions between electrons. Radioactivity is not affected by 
the external conditions that normally affect chemical processes, such as temperature, pressure, or 
strong chemical reagents. Therefore, radioactivity is not a chemical process, but a nuclear one. In 
addition, the energies associated with radioactivity are generally larger than energies corresponding 
to electron orbital transitions, indicating that radioactivity is a nuclear process. 

9. The resulting nuclide for gamma decay is the same isotope in a lower energy state: 

29 Cu* —>29 Cu + y . 
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The resulting nuclide for beta-minus decay is an isotope of zinc, ^ Zn : 

29 Cu Zn+e +v. 

The resulting nuclide for beta-plus decay is an isotope of nickel, ^Ni : 

29 Cu Ni + e + + k . 

10. 9 ,U decays by alpha emission into ' 90 Th, which has 144 neutrons. 

11. Alpha (a) particles are helium nuclei. Each a particle consists of 2 protons and 2 neutrons, and 
therefore has a charge of +2e and an atomic mass value of 4 u. Beta (/?) particles are electrons (beta- 
minus) or positrons (beta-plus). Electrons have a charge of — e and positrons have a charge of +e. In 
terms of mass, beta particles are much lighter than protons or neutrons, by a factor of about 2000, so 
are lighter than alpha particles by a factor of about 8000. Gamma (y) particle are photons. They have 
no rest mass and no charge. 

12. (a) Magnesium is formed: \\ Na — > ^ Mg + e~ + v . 

(b) Neon is formed: ^jNa — > ^Ne + e + +v . 

(c) Lead is formed: Po — > g, 6 Pb + ,He . 

13. (a) Sulfur is formed: f 5 Pb — > fgS + e~ + v . 

(. b ) Chlorine is formed: — > j^Cl + e~ + v . 

(c) Thallium is formed: gj 1 Bi — » gj 7 Tl + jHe . 

14. (a) 2i Sc; ( b ) 29 Cu; (c) e + +v; (d) 23 9 ° 2 U; (e) e~ +v 

15. The two extra electrons held by the newly formed thorium will be very loosely held, as the number 
of protons in the nucleus will have been reduced from 92 to 90, reducing the nuclear charge. It will 
be easy for these extra two electrons to escape from the thorium atom through a variety of 
mechanisms. 

16. When a nucleus undergoes either / T or ff decay it becomes a different element, since it has either 
converted a neutron to a proton or a proton to a neutron and therefore its atomic number has 
changed. The energy levels of the atomic electrons will adjust to become the energy levels of the 
new element. Photons are likely to be emitted from the atom as electrons change energies to occupy 
the new levels. 

17. Alpha particles from an alpha- emitting nuclide are part of a two-body decay. The energy carried off 
by the decay fragments is determined by the principles of conservation of energy and of momentum. 
With only two decay fragments, these two constraints require the alpha particles to be 
monoenergetic. Beta particles from a beta-emitting nucleus are part of a three-body decay. Again, 
the energy carried off by all of the decay fragments is determined by the principles of conservation 
of energy and of momentum. However, with three decay fragments, the energy distribution between 
the fragments is not determined by these two constraints. The beta particles will therefore have a 
range of energies. 
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18. 


19. 


20 . 


21 . 

22 . 

23. 


24. 


£5 


26. 


27. 


28. 


Below. During electron capture, a proton in the nucleus becomes a neutron. Therefore, the isotopes 
that undergo electron capture will most likely be those that have too few neutrons in the nucleus 
( compared to their number of protons) and will lie below the line of stability in Figure 41-2. 

No. Flydrogen has only one proton. Deuterium has one proton and one neutron. Neither has the two 
protons and two neutrons required to form an alpha particle. 

Many artificially produced radioactive isotopes have very short half-lives, and so are rare in nature 
because they do not last long if they are produced naturally. Many of these isotopes also have a very 
high energy of formation, which is generally not available in nature. 

No. At the end of one month, 14 the sample will remain. At the end of two months, % of the original 
sample will remain. 

For Z > 92, the short range of the attractive strong nuclear force means that no number of neutrons is 
able to overcome the electrostatic repulsion of the large concentration of protons. 

Helium-3 , 2 He , will be the other particle released. There are a total of four protons and three 
neutrons in the reactant particles. The alpha particle carries off two protons and two neutrons, 
leaving two protons and one neutron. 

No. Carbon-14 dating can only be used to date objects that were once living. The stone used to build 
walls was never alive. 

In [> decay, a neutrino and a fi particle (electron or positron) will be emitted from the nucleus, and the 
number of protons in the nucleus changes. Because there are three decay products (the neutrino, the 
fi particle, and the nucleus), the momentum of the fi particle can have a range of values. In internal 
conversion, only an electron is emitted from the atom, and the number of protons in the nucleus 
stays the same. Because there are only two decay products (the electron and the nucleus), the 
electron will have a unique momentum and, therefore, a unique energy. 

Figure 41-6 shows the potential energy curve for an alpha particle and daughter nucleus for the case 
of radioactive nuclei. The alpha particle tunnels through the barrier from point A to point B in the 
figure. In the case of stable nuclei, the probability of this happening must be essentially zero. The 
maximum height of the Coulomb potential energy curve must be larger and/or the Q- value of the 
reaction must be smaller so that the probability of tunneling is extremely low. 

The decay series of Figure 41-12 begins with a nucleus that has many more neutrons than protons 
and lies far above the line of stability in Figure 41-2. In a fi + decay, a proton is converted to a 
neutron, which would take the nuclei in this decay series farther from the line of stability and is not 
energetically preferred. 

There are four alpha particles and four fiT particles (electrons) emitted, no matter which decay path is 
chosen. The nucleon number drops by 16 as Rn decays into ^ Pb 206 Pb, indicating the presence 

of four alpha decays. The proton number only drops by four, from Z = 86 to Z = 82, but four alpha 
decays would result in a decrease of eight protons. Four /T decays will convert four neutrons into 
protons, making the decrease in the number of protons only four, as required. (See Figure 41-12.) 
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Solutions to Problems 

[l] Convert the units from MeV/c 2 to atomic mass units. 
m = (l39MeV/c 2 ) 


lu 


93 1.49 MeV/c 2 


0.149u 


2. The a particle is a helium nucleus and has 4 = 4. Use Eq. 41-1. 

i i 


r = ( 1 .2 x 1 0“ 15 m) A 3 = (l .2 x 1 (T 15 m) (4) 3 = [l4)xl0^mj = 1 .9 fin 


3. The radii of the two nuclei can be calculated with Eq. 41-1. Take the ratio of the two radii. 


r 238 _ | 

(l.2 x 10^ 15 m) 

(238) 

1/3 

1 

r 232 1 

(l.2xl0 -15 m) 

(232) 

1/3 

1 


238 

232 


= 1.0085 


So the radius of is |0.85%| larger than the radius of ,;U. 


4. Use Eq. 41-1 for both parts. 


(a) r = (l.2xlQ-' 5 m)4 1/3 = (l.2xlQ- 15 m)(ll2) 1/3 = |5.8xl0~ 15 m| = 5.8fm 


(b) r = (l.2xlO“ l5 m)4 I/3 -> 4 = 


1.2 xlO“ 15 m 


3.7 x 10~ 15 m^ 
1.2xl0“ 15 m 


y 


= 29.3* 

/ 

29 


5. To find the rest mass of an a particle, we subtract the rest mass of the two electrons from the rest 
mass of a helium atom: 

m a = "Ue - 2n % 


■ (4.002603u) (93 1 .5 MeV/uc 2 ) - 2 (0.5 1 1 MeV/c 2 ) = |3727MeV/c : 


This is less than the sum of the masses of two protons and two neutrons because of the binding 
energy. 

6. Each particle would exert a force on the other through the Coulomb electrostatic force. The distance 
between the particles is twice the raiius of one of the particles. The Coulomb force is given by Eq. 
21 - 2 . 

1 qq (8.988xl0 l ’N-m 2 /c 2 ) (2)(l.60xl0^ 19 C) n " 


F = 


4 ns. 


o ( 2 U ) 2 


(2)(4 1/3 )(l.2xl0“ l5 m) 


= 63.41N i 


63 N 


The acceleration is found from Newton’s second law. We use the mass of a “bare” alpha calculated 
in Problem 5. 

F 63.41N 


F -ma — » a = — = - 
m 


3727 MeV/c 2 


1.6605 x lCT 27 kg^ 
93 1.49 MeV/c 2 


9.5 x 10 27 m/s 2 
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[ 7 ] (a) The mass of a nucleus with mass number A is approximately (A u) and its radius is 

r = (l.2 x 1CT 15 m) A 1/3 . Calculate the density. 

m A( 1.66xl0“ 27 kg/u) A(l.66 x 10‘ 27 kg/u) 


P 


V 




^(l.2 xlO _I5 m) A 


= 2.293 xlO 17 kg/m 3 


2.3 xlO 17 kg/m 3 


We see that this is independent of A. 

( b ) We find the radius from the mass and the density. 


M = pjftR 3 -> R = 


f 3M ") 

1/3 

3(5.98 xlO 24 kg) 

U/z p) 


4^(2.293 xlO l7 kg/i 


= 184m « 180m 


(c) We set the density of the Earth equal to the density of the uranium nucleus. We approximate 
the mass of the uranium nucleus as 238 u. 

Pe^=Pu = 


3 '^Earth 3 H 'U 


%nrl 


r -R 

'u ““Earth 


f ^ 

m v 

V^Earth ) 


= (6.38 x 10 6 m) 


238(l.66xl0“ 27 kg) 

5.98xl0 24 kg 


2.58 x 10~ 10 m 


Use Eq. 41-1 to find the value for A. We use uranium-238 since it is the most common isotope. 

= 0.5 A - 238(0. 5) 3 = 29.75 « 30 


1 

(l.2 x 10“ 15 m) 

A 1/3 

r = < 

(l.2 x 10' 15 m) 

(238) 

1/3 

1 


From Appendix F, a stable nucleus with A « 30 is 


9. The basic principle to use is that of conservation of energy. We assume that the centers of the two 
particles are located a distance from each other equal to the sum of their radii. That distance is used 
to calculate the initial electrical potential energy. Then we also assume that, since the nucleus is 
much heavier than the alpha, that the alpha has all of the final kinetic energy when the particles are 
far apart from each other (and so have no potential energy). 

K i +U i =K f +U t 0+ 1 , gggpm , = 7U + 0 -> 


4^o 0« +fr m ) 

K a = (8.988 x 10 9 N • m 2 /c 2 )-— 


1 

(2)(100) 

(l.60 x 10" 19 C] 

2 

1 

(4 1/3 +257 1 

1 / 3 ) 

(l.2 x 10“ 15 m) 

(l.60xl0 19 J/eV) 


- 3.017 x 10 7 eV 


30MeV 


10. (a) The hydrogen atom is made of a proton and an electron. 


m n 


(l .67 xl0‘ 27 kg) 


(nip +m e ) (l.67xl0“ 27 kg + 9.11xl0 -31 kg) 


0.99945 


( b ) Compare the volume of the nucleus to the volume of the atom. The nuclear radius is given by 
Eq. 41-1. For the atomic radius we use the Bohr radius, given in Eq. 37-12. 


V f Horn J 


(l.2 x 10“ 15 m) 
(0.53xl0' lo m) 


1.2x10" 
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11 . 


Electron mass is negligible compared to nucleon mass, and one nucleon weighs about 1.0 atomic 
mass unit. Therefore, in a 1.0-kg object, 


(1.0kg)(6.02xl0 26 u/kg) 
l.Ou/nucleon 


6 x 1 O 26 nucleons. 


No, it does not matter what the element is, because the mass of one nucleon is essentially the same 


for all elements. 


12. The initial 
touche 

K i +U l = K t +U { -> 
K a =(8.988 x 10 9 N 


The initial kinetic energy of the alpha must be equal 
just touches the uranium. The distance between the 

^ ' TT ~ r ' TT ‘ K +0 = 0+ 1 gg< — 

4^o fr +;',) 


two parades 

gffu j 




1 

[2)(92) 

(1.60x10 l9 C) 

2 

i 

(4 1/3 +238 l/3 ) 

(l.2 x lCT 15 m) 

(l.60xlCT 19 J/eV) 


= 2.832 xl0 7 eV 


28MeV 


13. 


From Figure 41-1, we see that the average binding energy per nucleon at A 
Multiply this by the number of nucleons in the nucleus. 

(63)(8.7MeV) = 548.1MeV * 


550MeV 


63 is about 8.7 MeV. 


14. 


Deuterium consists of one proton, one neutron, and one electron. Ordinary hydrogen consists of one 
proton and one electron. We use the atomic masses from Appendix F, and the electron masses 
cancel. 


Binding energy = m ( |h) + m („n) - m ( 2 h) 


= [(1 ,007825u) + (l.008665u) - (2.014082u)]c 2 (93 1 .5 MeV/uc 2 ) 


2.243 MeV 


15. 


We find the binding energy of the last neutron from the masses of the isotopes. 

Binding energy = [y«(i5P) + »7(on)-7?7( 32 P)Jc 2 

= [(30.973762u) + (l.008665u)- (3 1.973907 u)]c 2 (93 1. 5 MeV /c 2 ) 


7.94 MeV 


16. (a) 3 Li consists of three protons and three neutrons. We find the binding energy from the masses, 

using hydrogen atoms in place of protons so that we account for the mass of the electrons. 
Binding energy = \j>m ( j Fl) + Am ( j,n) - m ( jLi)Jc 2 

= [3(l.007825u) + 4(l.008665u)-(7.016005u)]c 2 (931.5MeV/c 2 ) 

= 39.24 MeV 
Binding energy _ 39.24 MeV 


nucleon 


7 nucleons 


5.61MeV/nucleon 
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(b) '79 Au consists of 79 protons and 118 neutrons. We find the binding energy as in part (a). 
Binding energy = ^79m(|H) + 118m(j ) n) - ttz^Au^Jc 2 

= [79(l.007825u) + 1 18(l.008665u) - (l96.966569u)]c 2 (931.5MeV/c 2 ) 
= 1559MeV 

B inding energy _ 1 5 5 9 Me V 
nucleon 1 97 nucleons 



17. 2 1 Na consists of 1 1 protons and 12 neutrons. We find the binding energy from the masses: 
Binding energy = ^11 »?([h) + 12»?^n) - 777 ( 22 Na)Jc 2 

= [ll(l .007825 u) + 12(l.008665u) - (22.989769u)]c 2 (931.5 MeV/uc 2 ) 
= 186.6MeV 
Binding energy _ 186.6MeV 
nucleon 23 

We do a similar calculation for 2 “J Na, consisting of 1 1 protons and 13 neutrons. 

Binding energy = |(l 1 tm(} h) + 13m (^n) - 777 ( 2 {Na)Jc 2 

= [ll(l.007825u) + 13(l.008665u) - (23.990963u)]c 2 (93 1.5 MeV/uc 2 ) 
= 193.5MeV 
Binding energy 193.5MeV 
nucleon 24 

By this measure, the nucleons in 22 Na are more tightly bound than those in 22 Na. 




18. We find the required energy by calculating the difference in the masses. 

(a) Removal of a proton creates an isotope of carbon. To balance electrons, the proton is included 
as a hydrogen atom: 12 N — > ]H + 'JC. 

Energy needed = \jn ( + m ( |h) - m ( 12 n)Jc 2 

= [(14.003242 u) + (l.007825u) - (15. 0001 09u)](93 1.5 MeV/uc 2 ) 

= 10.21MeV 

( b ) Removal of a neutron creates another isotope of nitrogen: 12 N — > ,Jn+ 2 N. 

Energy needed = | ( ^n) + m ( „n) - m ( 12 n)Jc 2 

= [(14. 003074 u) + (l.008665u) -(15. 0001 09u)](93 1.5 MeV/uc 2 ) 

= 10.83MeV 

The nucleons are held by the att ractive strong nuclear fo rce. It takes less energy to remove the 
proton because there is also the repulsive electric force from the other protons. 

19. (a) We find the binding energy from the masses. 

Binding Energy = (2/7? (j He) - 7??(*Be)Jc 2 

= [2(4.002603u) - (8.005305u)]c 2 ( 93 1.5 MeV/uc 2 ) = -0.092 MeV 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

567 











Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


Because the binding energy is negative, the nucleus is unstable. It will be in a lower energy 
state as two alphas instead of a beryllium. 

( b ) We find the binding energy from the masses. 

Binding Energy = ^3m( 4 He) - wi^CjJc 2 

= [3 (4.002603u) - (12.000000 u)]c 2 (93 1 .5 MeV/uc 2 ) = +7.3 MeV 
Because the binding energy is positive, the nucleus is | stable.) 

20. The decay is /H — » 2 He + _°e + v. When we add one electron to both sides to use atomic masses, 
we see that the mass of the emitted /^particle is included in the atomic mass of 2 He. The energy 
released is the difference in the masses. 

Energy released = [ ~m ( 2 h) - m ( /He)Jc 2 

= [(3.016049u) -(3.016029u)]c 2 (931.5 MeV/uc 2 ) = 


0.0 19 MeV 


21. The decay is /n — > Jp + _°e + v. The electron mass is accounted for if we use the atomic mass of 
| H. If we ignore the recoil of the proton and the neutrino, and any possible mass of the neutrino, we 
get the maximum kinetic energy. 


K = 


= ’ffif'n) - ot(;h)1c 2 =[(1.008665u) - (l.007825u)]c 2 (93 1.5 MeV/uc 2 ) 


0.782 MeV 


22. For the decay “C • — > B + ] p, we find the difference of the initial and the final masses: 
Am = m ( '/c) - ^('“b) - 7«(|h) 

= (1 1.01 1434u) - (l0.012937u) - (l.007825u) = -0.009328u 

= (1 1.01 1433u) - (l0.012936u) - (l.007825u) = -0.0099318u. 

Since the final masses are more than the original mass, energy would not be conserved. 


23. The wavelength is determined from the energy change between the states 

he (6.63 x 10‘ 34 J.s)(3.00xl0 8 m/s) 


AE - hf = h 


X 


-+ X = - 


AE 


(0.48MeV)(l.60 x 10“ 13 J/MeV) 


2.6 x 10 _12 m 


24. For each decay, we find the difference of the initial and the final masses. If the final mass is more 
than the initial mass, then the decay is not possible. 

(a) Am = m ( 232 u) + m ( /n) - m ( 233 U) = 232.037156u + 1 ,008665u - 233.039635u = 0.0068 16u 


Because an increase in mass is required, the decay is | not possible.) 


(b) Am = w( 12 N) + »7(/n) -»7 (*/n) = 13.005739u + 1.008665u - 14.003074 u = 0.01 1330 u 
Because an increase in mass is required, the decay is not possible. 

(c) Am = m ( \ 9 9 k) + m ( /n) - m ( 4 °k) = 38.963707u + 1 .008665u - 39.963998u = 0.008374u 


Because an increase in mass is required, the decay is | not possible.) 
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\ ( a ) From Appendix F, , , Na is a ft emitter. 

(. b ) The decay reaction is 24 Na — > 24 Mg + /?“ + v . We add 1 1 electrons to both sides in order to 

use atomic masses. Then the mass of the beta is accounted for in the mass of the magnesium. 
The maximum kinetic energy of the /? corresponds to the neutrino having no kinetic energy (a 
limiting case). We also ignore the recoil of the magnesium. 

K p- =[»?(n Na )-»?(n M g)]c 2 

= f (23.990963u) - (23.985042u)]c 2 (931.5MeV/uc 2 ) = |5.52MeV 


26. The kinetic energy of the electron will be maximum if the (essentially) massless neutrino has no 
kinetic energy. We also ignore the recoil energy of the sodium. The maximum kinetic energy of the 
reaction is then the (9- value of the reaction. Note that the “new” electron mass is accounted for by 
using atomic masses. 

^ = 0 = [ w (23 Ne )_ m j23 Na )j c 2 == [(22.9945u)-(22.9898u)]c 2 (931.5MeV/uc 2 ) 

= 4.4 MeV 

If the neutrino were to have all of the kinetic energy, then the minimum kinetic energy of the 
electron is The sum of the kinetic energy of the electron and the energy of the neutrino must be 
the (2-value, and so the neutrino energies are [o] and 4.4 MeV , respectively. 

27. ( a ) We find the final nucleus by balancing the mass and charge numbers. 

Z(X) = Z(U) - Z( He) = 92 - 2 = 90 

A(X) = A(U) - A(He) = 238 - 4 = 234 
Thus the final nucleus is 234 Th . 

( b ) If we ignore the recoil of the thorium, the kinetic energy of the a particle is equal to the Q- 
value of the reaction. The electrons are balanced. 

K = 0 = \m ( 228 ul - m ( 23 Q 4 n Th) -m(t He lie 2 -> 


K = Q = [m ( 2 H U ) - m ( 23 9 4 0 Th) - m ( 4 He )] c 2 
m ( 234 Th) = m ( 23 *U) - m ( 4 He) -* 


= 238.050788u-4.002603u- 


4.20 MeV 


931.5MeV/c 2 


= 234.04368u 


This answer assumes that the 4.20 MeV value does not limit the sig. fig. of the answer. 


28. The reaction is ® Co — » “Ni + f3 +v. The kinetic energy of the ft will he maximum if the 
(essentially) massless neutrino has no kinetic energy. We also ignore the recoil of the nickel. 
Kp - [m( 60 Co)-m( 60 Ni)]c 2 

= [ (59.933822u)-(59.930791u)]c 2 (931.5MeV/uc 2 ) = |2.82MeV. 
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29. We use conservation of momentum - the momenta of the two particles must be equal and opposite if 
there are only two products. The energies are small enough that we may use non-relativistic 
relationships. 

P a =Px -> =4 2m xZx -> **=-^* a “(5.0MeV) = 

m x 256 


0.078 MeV 


30. 


For alpha decay we have 2 J®Po — > 2 ' x2 Ph + tide. We find the Q value. 

Q = [/w( 2 £|Po) - m ( 2 g 2 Pb ^ - m( 4 He)]c 2 

= [218.008965u-213.999805u-4.002603u]c 2 (931.5MeV/uc 2 ) 


6. 108 MeV 


For beta decay we have 2 ^Po — > 2 ^At + _°e + v. We assume the neutrino is massless, and find the Q 
value. 


e = [m(-Po)-m(-At)]c 2 
= [2 1 8.008965u - 21 8.008694 u] c 2 (93 1 .5 MeV/uc 2 ) 


0.252 MeV 


31 


(a) 


(b) 


We find the final nucleus by balancing the mass and charge numbers. 
Z(X) = Z( P) - Z(e) = 15 - (-1) = 16 

A(X) = Z(P) - A(e) = 32-0 = 32 


Thus the final nucleus is 



If we ignore the recoil of the sulfur and the energy of the neutrino, the maximum kinetic energy 
of the electron is the Q - value of the reaction. The reaction is ^P — » “S + /A +v. We add 15 
electrons to each side of the reaction, and then we may use atomic masses. The mass of the 
emitted beta is accounted for in the mass of the sulfur. 

2 


K = Q = [m(*v)-m(ls)y 


-» 


m(f 6 S) = m( 22 P)- 


K 


31.973907u 


1.71 MeV 


I 




lu 

931.5MeV/c 2 


31. 97207 lu 


32. 


We find the energy from the wavelength. 


he 

(6.63 x 10“ 34 J«s) 

(3.00 xlO 8 m/s) 


12.4 MeV 

T= ( 

1.00 x 10“ 13 m) 

(1.602 x 10 -19 J/eV 

r 1 


This has to be a 


y ray from the nucleus rather than a photon from the atom. Electron transitions do 


not involve this much energy. Electron transitions involve energies on the order of a few eV. 


33. We add three electron masses to each side of the reaction 2 Be + c — > 2 Li + v. Then for the mass 
of the product side, we may use the atomic mass of 2 Li. For the reactant side, including the three 
electron masses and the mass of the emitted electron, we may use the atomic mass of 2 Be. The 
energy released is the 0-value. 
g = [m( 2B e)-m( 2 Li)]c 2 

= [(7.016930u) - (7.016005u)]c 2 (93 1.5 MeV/uc 2 ) = 


0.862 MeV 
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34. The emitted photon and the recoiling nucleus have the same magnitude of momentum. We find the 
recoil energy from the momentum. We assume the energy is small enough that we can use classical 
relationships. 

E I 

P r = — = PK = sJ 2m k k k -> 




(l.46MeV) 2 


2m K c~ 


2(39.96u)(931.5M eV/ uc 2 )<f 


= 2.86 x lO^MeV = 


28.6eV 


35. The kinetic energy of the ft + particle will be maximum if the (almost massless) neutrino has no 
kinetic energy. We ignore the recoil of the boron. Note that if the mass of one electron is added to 
the mass of the boron, then we may use atomic masses. We also must include the mass of the ft' . 
(See Problem 38 for details.) 

"C - >(* 56 + _°e)+ \ft + +v 

K = [m ( ”C) - m ( "B) - m ( _°e) - m ( ° x ft + )]c 2 = \m ( "c) - m ( “b) — 2m ( Jje) 1 ~ 2 

= [(1 1.01 1434u) -(1 1.009305) - 2(0.00054858u)]c 2 (931.5MeV/uc 2 ) = [ 

If the ft + has no kinetic energy, then the maximum kinetic energy of the neutrino is also 
The minimum energy of each is [ 5 ], when the other has the maximum. 


0.9612MeV 


0.9612MeV 


36. We assume that the energies are low enough that we may use classical kinematics. In particular, we 


will use p = sj2mK. The decay is 2 ^U- 
decays, the magnitude of the momentum of the two daughter particles must be the same. 


90 Th + 2 He. If the uranium nucleus is at rest when it 


' Pi h 


^Th = 


Plh . 

2 m T . 2m T 


2 m a K a 

2m T 


‘Th ^-"'Th *Th 

The Q- value is the total kinetic energy produced. 
Q = K a + K Jh =4.20 MeV + 0.0718MeV = 


m„ 


m T 


■K_ = 


f 4u ' 
234u 


(4.20 MeV) = 


0.07 18 MeV 


4.27 MeV 


|37.| Both energy and momentum are conserved. Therefore, the momenta of the product particles are 
equal in magnitude. We assume that the energies involved are low enough that we may use classical 
kinematics; in particular, p - ft2mK. 


1 P Pb ’ ^Pb — 


2 

P Pb 


2m ?b 2m ?b 


2 m a K a 

2m DU 


^ m n ^ 


\ m ?b j 


_ 40026 
“ 205.97 


The sum of the kinetic energies of the product particles must be equal to the Q- value for the reaction. 
~ m ( 2 g^Po) - w( 2 “Pb) - m( 4 He)’ 


K?b+ E a = 


2 4.0026 ^ 

c~ = K„ +K„ 


205.97 


= 


w( 2 84 P «) - 

m( 2 82 p b)- 

/77 ( 4 He ) 

2 

C 


( 4.0026 

1 y 


l 205.97 J 


[(209.982874u) - (205.974465u) - (4.002603u)]( 

4.0026 , ' 

+ 1 

205.97 


-(931.5MeV/ uc 2 y 


5.31 MeV 
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38. For the positron-emission process, Z N — > Z _^N' + e + + v. We must add Z electrons to the nuclear 
mass of N to be able to use the atomic mass, and so we must also add Z electrons to the reactant 
side. On the reactant side, we use Z - 1 electrons to be able to use the atomic mass of N'. Thus we 
have 1 “extra” electron mass and the /2-particle mass, which means that we must include 2 electron 
masses on the right-hand side. We find the 0-value given this constraint. 

Q — [m p - (M d + 2«? e )]c 2 = (M p - M d -2 m e )c 2 . 


39. ( a ) The decay constant can be found from the half-life, using Eq. 41-8 
ln2 ln2 


A = - 


4.5 x 10 9 yr 


1.5 x 10“ lo yr“' 


= 4.9xl(T 1 V 1 


(b) The half-life can be found from the decay constant, using Eq. 41-8 
ln2 ln2 


T = 

M/2 


A 3.2xlO~V 


= 21660 s = 


6. Oh 


40. We find the half-life from Eq. 41-7d and Eq. 41 

_ ln2 
"tT 


R — R 0 e Al = R 0 e 


1/2 


v T In 2 _ In 2 , , _ 

- ^1/2 D 1 no (3-6h) 


In— 
R , „ 


In 


320 

1280 


1 .8 h 


We can see this also from the fact that the rate dropped by a factor of 4, which takes 2 half-lives. 


41. We use Eq. 41.6 to find the fraction remaining 

[" (ln2)(2.0yr)(l2mo/yr) 
-At 


N = N 0 e~ 


N 


N n 


■■ e M = e 


9 mo 


= 0.158* 0.16 


42. The activity at a given time is given by Eq. 41 -7b. The half-life is found in Appendix F. 


dN 


dt 


. , r ln2 ln2 

= AN = N = -7 v 

T U2 (5730yr)(3.16xl0 7 s/yr) 


(8.1 x 10 20 nuclei) = 3.1 x 10 9 decays/s 


|43.| Every half-life, the sample is multiplied by one-half. 


N 


^ = = ^015625 


N, 


44. The activity of a sample is given by Eq. 41-7a. There are two different decay constants involved. 
Note that Appendix F gives half-lives, not activities. 

Z,A,=Z Co A/ Co -> A l N 0 e-*=A Co N 0 e~ i °' A = ^ 

z r 


u Co 


t = 



( T \ 
^ Co 



In 

1/2 

T 1 

In 

(5.27 lOy) (365.25 d/y) " 

ln(Z : j A Co ) 

T i 

K 1/2 ) 

(8.0233d) 


Aj-A Co In2_ln2 


T t T Co 

1/2 1/2 


In 2 


(8.0233d) (5.271 0y)(365. 25 d/y) 


63.703d 
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45. We find the number of nuclei from the activity of the sample and the half-life. 
I<wl = -> 


dt 

N = 


T 

1 \n 

dN 

In 2 

dt 


(4.468 x 10 9 yr)(3- 156 x 10 7 s/yr) 


In 2 


(340decays/s) = 1 6.9 xlO 19 nuclei 


46. Each a emission decreases the mass number by 4 and the atomic number by 2. The mass number 

emitted. With 


changes from 235 to 207, which is a change of 28. Thus there must be 7 a particles 

the 7 a emissions, the atomic number would have changed from 92 to 78. Each /? - emission 
increases the atomic number by 1 , so to have a final atomic number of 82, there must be 
4 /T particles emitted. 


47. We need both the decay constant and the initial number of nuclei. 


A = 


In 2 


[ 1/2 


In 2 


(8.0233days)(24h/day)(3600s/h) 


= 9.99905 x 10"' s 


7 -1 


^o = 


(782 x 10“ 6 g) 
(l30.906g/mol) 


(6.02 x 10 23 atoms/mol) = 3.596 x 10 IS nuclei. 


(a) We Eq. 41 -7b to evaluate the initial activity 
I dN 


dt 


= (9.99905 x 10‘V 1 )(3.596 x 10 18 ) = 3.5957 x 10 12 decays/s * |3.60xlQ 12 decays/s 


( b ) We evaluate Eq. 41 -7c at t = l.Oh. 


dN 


dt 


dN 


dt 


e /J - (3.5957 xlO 12 decays/s)e 


- 9.99905x10"' s' 


1 j(3600s) 


3.58 xlO 12 decays/s 


(c) We evaluate Eq. 41 -7c at t = 4 months. We use a time of 1/3 year for the 4 months. 


dN 


dt 


dN 


dt 


-At 


= (3.5957 x 10 12 decays/s)e 


- 9.99905x10“' s’ 


‘)(0.333yr)(3 


s/yr) 


9.72 xlO 7 decays/s 


48. We will use the decay constant frequently, so we calculate it here. 

A = — = = 0.022505s -1 

7| /2 30.8 s 

( a ) We find the initial number of nuclei from the atomic mass. 


N „ = 


(7.8 x 10 -6 g) 



(6.02 x 10 23 atoms/mol) = 3.787 x 10 16 * 

3.8 x 10 16 nuclei. 

024 a/mol) 


( b ) Evaluate Eq. 41-6 at t - 2.6 min. 

N = N 0 e~ Zt =(3.787 x =L131xl0 .. 

(c) The activity is found by Eq. 41 -7a. 


1.1 x lO 15 nuclei 


AN = (0.022505s -1 )(l.l31 x 1 0 15 )^ 2.545 x 1 0 13 » | 2,5 x 10 13 decays/s 
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(i d) We find the time from Eq. 41 -7a. 

-At 


AN = AN 0 e~ 


t = - 




In 

' AN " 

In 





1 decay/s 

(o. 022505s -1 )(3.787 x 10 16 )decay/s 


A 


0.022505s - 


- = 1528 s = 25.46 min « 25 min 


|49.| We find the mass from the initial decay rate and Eq. 41 -7b. 

dN | ., T . 6.02 xlO 23 nuclei/mole 

= AN 0 = Am - : , ' — 


dt 


(atomic weight) g/mole 


m 


d V 


dt 


1 (atomic weight) 


dN 


o A (6.02 xlO 23 ) dt 0 ln2 (6.02 xlO 23 ) 


7| /2 (atomic weight) 


Ion m 5 _i^( 1 - 265xl0 V)(3-156xl0 7 s/yr) (39.963998g) 
^ 2 ‘° Xl0S ' (ln2) (6.02 xlO 23 ) 


0.76g 


50. The number of nuclei is found from the mass and the atomic weight. The activity is then found from 
number of nuclei and the half-life, using Eq. 41 -7b. 

(8.7xl0 -6 g) 


dN 


dt 


= an^n- 


In 2 


1.23 x 10 s 


(31.974g/mol) 


(6.02 x 10 23 atoms/mol) = 9.2 x 10 10 decays/s 


51. We find the mass from the initial decay rate and Eq. 41-7b. 


dN 


dt 


= AN n — Am 


6.02 xlO- 3 nuclei/mole 
(atomic weight) g/mole 


-» 


dN 


dt 


1 (atomic weight) 


dN 


7| /2 (atomic weight) 


0 A (6.02 xlO 23 ) dt | 0 In 2 (6.02 xlO 23 ) 

= ( 3 65 22 iq4„ ,\ ( 87 - 32d )( 86 -* 4QQ s/ d ) ( 3 4, 96903 2 g) = 

1 ‘ ' (ln2) (6.02 x 1 0 23 ) 


2.31 x 10 -u g 


52. (a) The decay constant is found from Eq. 41-8. 

In2 ln2 

A — ■ 


1.38 x 10 -13 s - 


T m (l.59xl0 5 yr)(3.156xl0 7 s/yr) 

( b ) The activity is the decay constant times the number of nuclei. 

AN = (1.38 x 10 -13 s -1 )(5.50 x 10 18 ) = 7.59 x 10 s decays/s 
53. We use Eq. 41-7c. 


f 60s "I 


1 min , 



4.55 x 10 7 decays/min. 


_ln2 

R = R Q e- Xt = R 0 e Tvi< 


T - 

1 V2 


In 2 


In 


R 


-t = 


--^•(8.6min) 
In . ’ 


4.3 min 
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54. Because the fraction of atoms that are l4 C is so small, we use the atomic weight of n 6 C to find the 
number of carbon atoms in the sample. The activity is found from Eq. 41 -7a. 

N - — — (6.02 x 10 23 atoms/mol) = 1.93 x 10 25 atoms 

(l2g/mol)J V ' ’ 

/ 1 7 \ 

jV 14 - J(l.93 xl0 25 ) = 2.51 x 10 13 nuclei 

1 r\ 

TA = 7 — (2.51xl0 13 ) = |96decays/s 

(5730yr)(3.156xl0 7 s/yr) v ’ 


\ We find the mass from the activity. Note that N A is used to represent Avogadro’s number. 

In 2 mN A 

R - AN = — ->• 

T l/2 A 

RT n A (370decays/s)(4.468xl0 9 yr)(3.156xl0 7 s/yr)(238.05g/mole) 3 — 

m - — — — = — 7 r- = 2.98x10 ~g 

N A ln2 (6.02 xlO 23 nuclei/mole) In 2 


56. We assume that the elapsed time is much smaller than the half-life, so that can approixmate the 
decay rate as being constant. We also assume that the 87 Sr is stable, and there was none present 
when the rocks were formed. Thus every atom of f 2 Rb that decayed is now an atom of 87 Sr. 

N Sr — —AN Rb — AN Rb At -> A t= Nsr r ' /2 ^(0.0260) 475x10 ^ =|l.78xl0 9 yr 

N Rb In 2 In 2 

This is « 4% of the half-life, so our original assumption is valid. 

57. The activity is given by Eq. 41 -7a. 

1 o 

0.975/L/V 0 =AN 0 e~ Xt -> In 0.975 = -At = -—t -> 


10 ( 1 A \ , 

77, = (31. Oh) = 848. 71h — = |35.4d 

In 0.975 V ; 24h 


58. The activity is given by Eq. 41 -7a. 

(a) We use Eq. 41-7c.We find the number of half-lives from 

n n -xt 1 , R 77, R 53d(, 15decays/s 

R = R n e xt ->■ t = In — = — —In — = In 


= 240.85d ~ [~240d 


A R 0 ln2 R 0 ln2(_ 350decays/sJ 1 

( b ) We find the mass from the activity. Note that N A is used to represent Avogadro’s number. 
„ „ , T In 2 m n N, 


R 0 = AN 0 = 


^ 1/2 ^ 


_R 0 T in A _ (350decays/s)(53d)(86,400s/d)(7.017g/mole) _| o — 

fit — — 7 77 7 — Z. / X 1 U 2 

iV A ln2 (6.02 xlO 23 nuclei/mole) In 2 

59. 232 Th — > 1 228 Ra | + 4 2 a ; 228 Ra -> | 228 Ac | + ; 228 Ac -> |™Th| + ; 228 Th -^ | 224 Ra| + 4 a ; 

224 Ra — >1 22 °Rn| + 2 a 
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;u^ 


231 Th 

90 1 11 

+ 2 ct ; 90 Th — > 

2 l> 

+ P ; "ii P a 

221 \c 

89^ U/ 

+ 2 a ; “9 Ac -> 

227 Th 

90 1 11 


+ fi- 


nTh — > 


Ra 


+ ~,ct 


60. Because the fraction of atoms that are l4 C is so small, we use the atomic weight of 12 C to find the 
number of carbon atoms in 85 g. We then use the ratio to find the number of l4 6 C atoms present 
when the club was made. Finally, we use the activity as given in Eq. 41 -7c to find the age of the 
club. 


Ac = 


(85 g) 


(6.02 x 1 0 23 atoms/mol) = 4.264 x 1 0 24 atoms 


(l2g/mol) 

N» c = (1.3 x 10~ 12 )(4.264 x 10 24 ) = 5.543 x 10 12 nuclei 

(aw) = (awJ e"* -> 

V today V «Wo 

Kc)„ 


i, K) 

4 Kd 


today 


— — lny 

In 2 f 


/ today 


5730yr 
In 2 


In 


—N 

T Vl 6C 

vfi/2 y 0 

(7.0decays/s) 


In 2 


(5730yr)(3.156xl0 7 s/yr) 


(5.543 xlO 12 nuclei) 


- = 9178yr « 9200yr 


|6 1 . The number of radioactive nuclei decreases exponentially, and every radioactive nucleus that decays 
becomes a daughter nucleus. 


N = N 0 e~ 


N V =N 0 -N = 


N 0 (\-e~ A <) 


62. The activity is given by Eq. 41-7d. 

In — 

- *— £-!r - ^ 

t T in . X 


In 


(4.00h)ln2 

ln0.01050 


= 0.6085h = 36.5min 


R. 


From Appendix F we see that the isotope is 


!Pb 


63. Because the carbon is being replenished in living trees, we assume that the amount of 14 C is constant 
until the wood is cut, and then it decays. We use Eq. 41-6. 

In — 

11 N n In 2 T in , N_ (5730yr)ln 0.060 


N = N 0 e~ 


-> A = — 


t 


-> t = -^ In— = - 

In 2 Nr, In 2 


23,000yr 
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64. (a) The mass number is found from the radius, using Eq. 41-1. 

/ \3 / \3 

/. . .._ 15 \ , 1/3 . f r 5000m | 

r= 1.2x10 15 mE4 1/3 -> A= — = — 

v ’ ^ 1.2 x 10“ 5 m J 1 .2 x 1 0 15 m ) 


= 7.23x10 «7xl0 5 


(. b ) The mass of the neutron star is the mass number times the atomic mass unit conversion in kg. 

m = A( 1.66 x 10“ 27 kg/u) = (7.23 x 10 55 u)(l.66 x 10“ 27 kg/u) = 1.20 x 10 29 kg ~ |lx IQ 29 kg 

Note that this is about 6% of the mass of the Sun. 

(c) The acceleration of gravity on the surface of the neutron star is found from Eq. 6-4 applied to 
the neutron star. 

G m (6.67xl0“ 11 N-m 2 /kg 2 )(l.20xl0 29 kg) „ . , — — 

= = 3.20 xlO 11 m/s 2 * 3x10" m/s 2 

r 2 (5000m) 2 1 


■ = 3.20x 10" m/s 2 « |3 x 1 0 1 1 m/s 2 


65. Because the tritium in water is being replenished, we assume that the amount is constant until the 
wine is made, and then it decays. We use Eq. 41-6. 

, N 


N = N„e“ -> X = ^ = 12T 


, T .n h N (I2.3yr)ln0.10 
In 2 N n In 2 


66. We assume a mass of 70 kg of water, and find the number of protons, given that there are 10 protons 
in a water molecule. 


(70xl0 3 g water) 

(l 8 g water/mol water) 


(6.02 x 1 0 23 molecules water/mol water) — 10 protons 
v ' water molecule 


= 2.34 xlO 28 protons 

We assume that the time is much less than the half-life so that the rate of decay is constant. 


■ = XN = 


N -> At = 


AN T. 


1 proton [ 1 0 33 yr 


At [T m J N ^ln2y 2.34 xlO 28 protons^ ln2 

This is almost 1000 times a normal life expectancy. 


= 60,000yr 


67. Consider the reaction n — > p + e“ + v. The neutron, proton, and electron are all spin \ particles. If 
the proton and neutron spins are aligned (both are T , for example), then the electron and neutrino 
spins must cancel. Since the electron is spin | , the neutrino must also be spin ^ in this case. 

The other possibility is if the proton and neutron spins are opposite of each other. Consider the case 
of the neutron having spin j and the proton having spin - j. If the electron has spin , then the 

spins of the electron and proton cancel, and the neutrino must have spin | for angular momentum to 
be conserved. If the electron has spin - j-, then the spin of the neutrino must be | for angular 
momentum to be conserved. 

A similar argument could be made for positron emission, with p — > n + e + + v. 
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68. We assume that all of the kinetic energy of the alpha particle becomes electrostatic potential energy 
at the distance of closest approach. Note that the distance found is the distance from the center of the 
alpha to the center of the gold nucleus. 

1 W^Au 


Ki + U^Kj+Uf K a + 0 = 0 + 


4 7T£ 0 r 


— » 


/I-T7-/- TS v ' / HA /t~\ t\ 1 CC\ w 1 n-13 T /A / 


4^0 K a 


(7.7MeV)(l .60 x 1(T 13 J/MeV) 


= 2.951xl0 _14 m 


3.0xl(T 14 m 


We use Eq. 41-1 to compare to the size of the gold nucleus. 


r approach 


2.951x lCP 14 m 
1 97 1/3 (l.2 x 10“ 15 m) 


= 4.2 


So the distance of approach is about |4.2x| the radius of the gold nucleus. 


69. We find the number of half-lives from the change in activity. 
IcOVl 

In 0.0 100 


dt 


dN 


dt 


= (j)" =0.0100 -> n = - 


ln| 


6.64 half-lives 


70. We find the mass from the activity. Note that N A is used to represent Avogadro’s number. 
In 2 m An N. 


R = AN = 


T V 2 A 


m, 


RT V2 A (45decays/s)(l.265xl0 9 yr)(3.156xl0 7 s/yr)(39.964g/mole) 4 

(6.02xl0 23 nuclei/mole)ln2 


A A ln2 


1.7 x 10~ 4 g 


We find the number of K atoms from the number of 4 °K atoms and the abundance given in 
Appendix F. That is then used to find the mass of ^K. 


D DT A 

R = AN An -> N m = - = ; N m = 0.0001 17 N K ; = 0.93258 A, = ' 


m 39 = A 39 


A 


A In 2 

0.93258 Ar A 0.93258 RT m A 

- N , - 1/2 


K 0.000117 N *° 


N a 0.000117 40 A a 0.000117 In 2 N A 


0.93258 

0.000117 


(45decays/s)(l.265xl0 9 yr)(3.156xl0 7 s/yr) (38.964g/mole) 

ln2 (6.02 xlO 23 nuclei/mole) 


= 1 -3g 


71. (a) If the initial nucleus is at rest when it decays, momentum conservation says that the magnitude 
of the momentum of the alpha particle will be equal to the magnitude of the momentum of the 
daughter particle. We use that to calculate the (non-relativistic) kinetic energy of the daughter 
particle. The mass of each particle is essentially equal to its atomic mass number, in atomic 
mass units. 
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' Pd > — 


2 

Pd 


2 mK 


—K„ = ^K = —K„ 


K„ 


A, 


2/77 d 2777 d 

2777, 



[ 

l d _ 

A 


m r 


An 


An 


K+Kn 


k - + n k - 


T k - +k " 


1 + i^D 


( b ) We specifically consider the decay of 229 Ra. The daughter has A D = 222. 


Kn 


1 


1 


K a +K D 1 + Ud 1 + 4(222) 


- 0.017699 *1.8% 


Thus the alpha particle carries away 1-0.018 = 0.982 = |98.2% 


72. We see from the periodic chart that Sr is in the same column as calcium. If strontium is ingested, 
the body may treat it chemically as if it were calcium, which means it might be stored by the body 


in bones. We use Eq. 41-6 to find the time to reach a 1% level. 

N 


In 


N = N 0 e 


-At 


-> A = — 


N 0 _ In 2 


-» 


1 1/2 


N 


(29yr)ln0.010_ 


192.67 yr « 190yr 


t = — —In — = - 

In 2 N 0 In 2 

The decay reactions are as follows. We assume the daughter undergoes beta decay. 


3 °Sr -> 9 3 ° 9 Y + _°e + v 


9 3 ° 9 Y -+Z Zr + _“e + v 


73 


We take the momentum of the nucleon to be equal to the uncertainty in the momentum of the 
nucleon, as given by the uncertainty principle. The uncertainty in position is estimate as the radius 
of the nucleus. With that momentum, we calculate the kinetic energy, using a classical formula. 

ApAx ~ h — > p « Ap « — = — 

Ax r 



h 2 

2 mr 2 


((1.055 xl0“ 34 J«s)) 2 


2(l.67 x 10“ 27 kg)[(56 1/3 )(l.2 xl0 _15 m)l (l.60 x 10 13 J/MeV) 


= 0.988MeV « 


IMeV 


74. 


(a) 


The reaction is 2 9 2 U — > 23 9 2 0 Th + 4 He. If we assume the uranium nucleus is initially at rest, then 
the magnitude of the momenta of the two products must be the same. The kinetic energy 
available to the products is the (I-valuc of the reaction. We use the non-re lativistic relationship 
that p 2 - 2m K. 


Pn e = Pi h 


^Th = 


Rlh 


pL 


2m Th 2m T 


2 ffl He^He 

2m r . 


m u 


m T 


-K u 


Q = K Th+ K He = 


^ + 1 

V W Th J 


K u 
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^He = 


m T 


v m He +m T hy 


A f 

Q = 


m T 


V^He+^Th J 


232.038055U 


4.002603u + 232.038055u ^ 

= 0.004827u(931.5MeV/ uc 2 ) = 

(b) We use Eq. 41-1 to estimate the radii. 

r He = (l.2x 10~ l5 m)(4) 1/3 = 1.905 x lCT 15 m 


[m v -m Th -m Ke ]c 2 

[236.045568u - 232.038055u - 4.002603u]< 


4.496 MeV 


1.9xl0“ 15 m 


m i 


7.4xl0“ ls m 


r Th = (l.2x 10” 15 m)(232)' 3 = 7.374 x 1CT 

(c) The maximum height of the Coulomb barrier will correspond to the alpha particle and the 
thorium nucleus being separated by the sum of their radii. We use Eq. 23-10. 

1 ^Hc^Th _ 1 ^He^Th 


u = 


AkSq r A 


4^0 (hie “*“ ; Th) 


= ( 8.988 xl0 9 N-m 2 /c 2 ) 


(2)(90)(l.60xl0“ 19 C) 2 


(4 1/3 +232 1/3 )(l.2xl0' 15 m)(l.60xl0' 13 J/MeV) 


= 27.898MeV: 


28 MeV 


(d) At position “A”, the product particles are separated by the sum of their radii, about 9.3 fm. At 
position “B”, the alpha particle will have a potential energy equal to its final kinetic energy, 
4.496 MeV. Use Eq. 23-10 to solve for the separation distance at position “B”. 

1 ^HeVrh 


^B = 


4/^o ? 'b 




-^_jaia. =(898 , xl0 , N . m . /c q (4P°)(..60xl0-'>c) 

A < rrc- T T V A /IH/C 1 w 1 A 13 T /' 


4^o U B 
= 57.57 xl0‘ 15 m 


r B - r A = 57.6 fm - 9.3 fm = 


(4.496 MeV)(l. 60 x 10“ 13 J/MeV) 


48.3fm 


Note that this is a center-to -center distance. 


75. (a) We find the daughter nucleus by balancing the mass and charge numbers: 

191 


Z (A) = Z (Os) - Z (e~) = 76 - (— l) = 77 
Z(X) = Z(Os) - z(e“) = 191 - 0 = 191 
The daughter nucleus is 


lr 


(. b ) See the included diagram. 

(c) Because there is only one (3 energy, the f3 
decay must be to the higher excited state. 


76. The activity is the decay constant times the number of nuclei, as given by Eq. 41 -7a. 

131 1 



( a ) We calculate the activity for ((I. 

_ . %T In 2 In 2 

R = AN = N = 


(8.02d)(86,400s/d) ^130.906g/mol 


l-0g 


(6.02 xlO 23 nuclei/ mol) 
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4.6 xlO 15 decays/s 


(b) We calculate the activity for 23 2 U- 




In 2 


(4.47 x 10 9 yr)(3.156x 10 7 s/yr) 


1-Og 


238.051g/mol 


(6.02 x 10 23 nuclei/ mol) 


1.2x 10 4 decays/s 


77. From Figure 30-1, we see that the average binding energy per nucleon at A - 63 is ~8.6 MeV. We 
use the mass average atomic weight as the average number of nucleons for the two stable isotopes of 
copper. That gives a binding energy of (63.546) (8.6 MeV) = 546.5 MeV : 

The number of atoms in a penny is found from the atomic weight. 


550MeV 


N - - — (6. 02 xlO 23 atoms/mol) : 

(63.546g/mol) V ’ 


| = 2.842 x 10" atoms 

Thus the total energy needed is the product of the number of atoms times the binding energy. 


(2.842xl0 23 atoms)(546.5MeV/atom)(l. 60x10 13 J/MeV) ■ 
78. (a) A( 4 He) = 7?7( 4 He)- ^( 4 He) = 4.002603u-4: 


2.5 x 10 12 J 


0.002603u 


: (0.002603 u) (931. 5 MeV/uc 2 ) = |2.425Mev/c 2 


(b) a( 12 c) = /77( 12 c) - z( 12 c) = 12.000000u- 12 = 0 

(c) A ( jg Sr) = m ( “Sr) - A( “Sr) = 85.909260u - 86 = 


-0.090740u 


= (- 0.090740 u) (93 1.5 MeV/uc 2 ) = |-84.52MeV/c 


(d) A ( 2 p2 U ) — 777 ( 2 g 3 U ) - z( 23 2 5 u) = 235.043930u - 235 = 


0.043930u 


= (0.043930u)(931.5MeV/uc 2 ) = |40.92 MeV/c 2 
(e) From the Appendix we see that 


A>0for0<Z<8 and Z > 85; 
A < 0 for 9 < Z < 84. 


A > 0 for 0 < A < 15 and A > 214; 
A < 0 for 16 < Z < 214. 


79. The reaction is JH + <Jn —> 2 H. If we assume the initial kinetic energies are small, then the energy of 


the gamma is the 0-value of the reaction. 

Q = [(777 ( | He) + 777 ( /n) - 777 ( 2 He) 

= [(1.007825u) + (l.008665u) - (2.014082u)]c 2 (93 1.5 MeV/uc 2 ) = 


2.243 MeV 


80. (a) 


We use the definition of the mean life given in the problem. We use a definite integral formula 
from Appendix B-5. 


00 00 00 


jtN(t)dt j 

0 _ c 

tN 0 e At dt j 

) _ c 

te A 'dt 

I 

OO c 

J TV (?) c// 

1 

0 

is 

0 

j" e~' J dt 


0 0 0 


1 

I 2 


1 

Z 

I 


J 
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( b ) We evaluate at time t = r = — . 

A 


N(t = r) _ N 0 e 
N(t = 0) ” 


N 0 e~ 


= e 1 = e 1 


0.368 


81. (a) The usual fraction of 14 C- is 1.3x10 12 . Because the fraction of atoms that are 14 C- is so small, 
we use the atomic weight of 12 C to find the number of carbon atoms in 72 g. We use Eq. 41-6 
to find the time. 

f ao ~ A 

H6.02x 10 23 atoms/mol) = 3.612 x 10 24 atoms 


N l2 = 


72g 


12g/mol 

jV 14 = ( 3 .6 1 2 x 1 0 24 atoms ) ( 1 .3 x 1 0~ 12 ) = 4. 6956 x 1 0 12 atoms 


N = N 0 e~ 


1 , N 

— > t = In — 

A N n 




1 


In 2 N n 


In 2 


4.6956 x 10 


2.4xl0 5 yr 


(. b ) We do a similar calculation for an initial mass of 270 grams. 

27® & 1(6.02 x 10 23 atoms/mol) (l. 3 x 10~ 12 j = 1.761 x 1 0 13 atom s 




12g/mol 


N = N 0 e~ 


1, N 7| 2 , N (5730yr) 

->• t = In — = — —In — = -f — ln- 


1 


A N n 


In 2 


1.761x10' 


2.5xl0 5 yr 


» 0 ^ ^ ¥ 0 

This shows that, for times on the order of 1 0 3 yr, the sample amount has fairly little effect on 
the age determined. Thus, times of this magnitude are not accurately measured by carbon 
dating. 


82. (a) This reaction would turn the protons and electrons in atoms into neutrons. This would eliminate 
chemical reactions, and thus eliminate life as we know it. 

(. b ) We assume that there is no kinetic energy brought into the reaction, and solve for the increase of 
mass necessary to make the reaction energetically possible. For calculating energies, we write 
the reaction as | H — > J,n + v, and we assume the neutrino has no mass or kinetic energy. 

Q = \m(\ H) - 7«(^n)]c 2 =[(l.007825u) - (l.008665u)]c 2 (931.5MeV/uc 2 ) 

= -0.782 MeV 

This is the amount that the proton would have to increase in order to make this energetically 
possible. We find the percentage change. 




m 


( 100 ) = 


(0.782 Me V/c 2 ) 
(938.27 Me V/c 2 ) 


) 1 



I 

f \ 

(100) = 1 

0.083% 

)J 



83. We assume the particles are not relativistic, so that p-yjlmK. The radius is given in Example 27-7 


mv 


as r = — . Set the radii of the two particles equal. Note that the charge of the alpha particle is twice 
qB 

that of the electron (in absolute value). We also use the “bare” alpha particle mass, subtracting the 
two electrons from the helium atomic mass. 


2 eB 


m P v P 

eB 


-> m a V a = 2m p V p -> Pa= 2 P 
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_A_ 4 a 

K„ 2m „ 2m 4/77 


P 


4(0.000549u) 


ts- 2 2 

K p Pp Pp 




4.002603u - 2(0.000549u) 


5.48 x 10“ 


2m p 2m p 


84. Natural samarium has an atomic mass of 150.36 grams per mole. We find the number of nuclei in 
the natural sample, and then take 15% of that to find the number of 14 jSm nuclei. We first find the 
number of 147 Sm nuclei from the mass and proportion information. 

(0.15)(l.00g)(6.02 x 10 23 nuclei / mol) 

A^ Sm = °- 15 Katura, = - * ^ = 6.006 x 10 20 nuclei of Sm 

62i,m 150.36g/mol 

The activity level is used to calculate the half-life. 

In 2 

Activity = R = AN = — N — > 


T =- 
1 1/2 


In 2 


-N = - 


In 2 


R 120decays/s 


(6.006 x 10 20 ) = 3.469 x 10 18 s 


f lyr 1 


l.lx 10 n yr 

b-156xl0 7 s J 




85 .| Since amounts are not specified, we will assume that “today” there is 0.720 g of and 


100.000- 0.720 = 99.280g of 23 2 U. We use Eq. 41-6. 

(a) Relate the amounts today to the amounts 1.0 xlO 9 years ago. 


N = N 0 e~ 


N 0 = Ne 1 ' = Ne m 


(^ 0 ) 235 =(^235 V m =(0.720g)e 


(l.OxlO 9 yr) 

' 7.04x1 0 8 yr) 


= 1.927g 


—In 2 


(^o) 2 3 8 =(^3 8 )^ 1/2 =(99.280 g y 


■ 1 1 5 .94 g 


0.693/ 
Tu 


0.6931 1.0x10 


^0,238 =N 23S e T '» — (99.28g)e j = 115.937g. 

1.927 


The percentage of , 2 U was 


■x 100%= 1.63% 


1.927 + 115.94 

(b) Relate the amounts today to the amounts 1 00 x 1 0 6 years from now. 

(l00xl0 6 yr) 

N = N 0 e-» -> (W 3 5 ) = (A o ) 235 e‘^ h2 =(0.720g)e (7 '° 4,do8yr) 


= 0.6525g 


looxioV 


(^238 ) {^o) 2 3S e 


1 1/2 — 


The percentage of 92 U will be 


(99.280g)e 1 
0.6525 


4.468x10* yr 


r ln2 


: 97.752g 


0.6525 + 97.752 


x 100% = 0.663% 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

583 









Physics for Scientists & Engineers with Modern Physics, 4' h Edition 


Instructor Solutions Manual 


86. We determine the number of (!) K nuclei in the sample, and then use the half-life to determine the 


activity. 

W, K = (0.0001 17) N„ = (0.0001 17) 
In 2 


(400xl0 _, g)(6.02xl0 2 


atoms/ mo 


>) 


r = ^N = -N = - 


1.265xl0 9 yr 


(7.231xl0 17 ) 


38.9637g/mol 
( lyr A 
3.156 x 10 7 s 


= 7.231x10* 


12.55decay/s « 13decay/s 


87. We use Eq. 41 -7a to relate the activity to the half-life. 

T„. 


dt 


In 2 


T = N - 

1 1/2 JV 


L \n 
In 2 


R ldecay/s 


(l.5 x 10 7 g) 


6.02 x 10 23 nuclei 

( lyr ) 


1.3xl0 21 yr 

l 152 § J 

U-156xl0 7 s J 





88. The mass number changes only with a decay, and changes by -4. If the mass number is An, then 

the new number is 4«-4 = 4(n-l) = 4«'. There is a similar result for each family, as shown here. 

An — > An - A = A(n — l) = An' 

4n + l — > 4n —A + 1 = 4(n — 1) + 1 = An' + 1 
4n + 2 — > An — A + 2 = A[n — l) + 2 = An' + 2 
An +3 — > An —A + 3 = A[it - 1) + 3 = An' + 3 
Thus the daughter nuclides are always in the same family. 


89. We calculate the initial number of nuclei from the initial mass and the atomic mass. 

1 atom 


jV = (l.80xl0“ 9 kg) 


(I3.005739u)(l.6605x 10“ 27 kg) 


= 8.3349 xlO 10 nuclei; 


.33 xlO 16 nuclei 


See the adjacent graph. From the graph, the half-life is approximately |600 seconds) 


The spreadsheet used for this 
problem can be found on the 
Media Manager, with filename 
“PSE4_ISM_CH41.XLS,” on 
tab “Problem 41.89.” 
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CHAPTER 42: Nuclear Energy: Effects and Uses of Radiation 


Responses to Questions 

ED (a) * Ba ;(i)por jH;(c)y;(c?) ‘jjjjHg 

2. -S 

3. “Ne 

4. Neutrons have no net charge, and therefore do not have to overcome the Coulomb barrier (Coulomb 
repulsion) to get into the nucleus. Neutrons are also massive and can carry more energy than a 
lighter particle. 

1 7 20 1 7 

5. 9 F is the residual nucleus. The reaction equation is: 10 Ne + p — > a+ 9 F. 

6. Fission fragments have more neutrons than are required for nuclear stability and will decay by ff 
emission in order to convert a neutron to a proton. 

[ 7 ] The energy from nuclear fission appears in the thermal (kinetic) energy of the fission fragments and 
the neutrons that are emitted, and in the thermal energy of nearby atoms with which they collide. 

8. 2 ^Pu has a smaller critical mass than 2 ;^ U . Since there are more neutrons released per decay in Pu- 
239, fewer nuclei are needed to release sufficient neutrons to create and sustain a chain reaction. 

9. Yes, a chain reaction would be possible, since the multiplication factor /is greater than 1. However, 
the chain reaction would progress slowly, and care would have to be taken to prevent neutron loss. 

10. When uranium is enriched, the percentage of U-235 nuclei in a given mass of uranium is increased. 
This process involves the nuclei of the atoms. Chemical processes typically involve the electrons in 
atoms, and not the nuclei. The chemical behavior of all the isotopes of uranium is nearly identical, 
therefore chemical means could not be used to separate isotopes and enrich uranium. 

1 1 . Neutrons are neutral; they are not repelled by the electrons surrounding the atom or by the positively 
charged protons in the nucleus. They are able to penetrate easily into the nucleus, and, once there, 
are held in place by the strong nuclear force. A neutron brings to the nucleus its kinetic energy and 
the binding energy given up as the neutron is bound to the rest of the nucleus. This binding energy 
can be very large, and is enough to move the nucleus into an excited state, from which it will fission. 

12. The hydrogen atoms in water act as a moderator to slow down the neutrons released during fission 
reactions. The slower neutrons are more likely to be absorbed by other uranium nuclei to produce 
further fission reactions, creating a chain reaction that could lead to an explosion. A porous block of 
uranium in air would be less likely to undergo a chain reaction due to the absence of an effective 
moderator. 

13. Ordinary water does not moderate, or slow down, neutrons as well as heavy water; more neutrons 
will also be lost to absoiption in ordinary water. However, if the uranium in a reactor is highly 
enriched, there will be many fissionable nuclei available in the fuel rods. It will be likely that the few 
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moderated neutrons will be absorbed by a fissionable nucleus, and it will be possible for a chain 
reaction to occur. 

14. A useful fission reaction is one that is self-sustaining. The neutrons released from an initial fission 
process can go on to initiate further fission reactions, creating a self-sustaining reaction. If no 
neutrons were released, then the process would end after a single reaction and not be very useful. 

15. Heavy nuclei decay because they are neutron-rich, especially after neutron capture. After fission, the 
smaller daughter nuclei will still be neutron-rich and relatively unstable, and will emit neutrons in 
order to move to a more stable configuration. Lighter nuclei are generally more stable with 
approximately equal numbers of protons and neutrons; heavier nuclei need additional neutrons in 
order to overcome Coulomb repulsion between the protons. 

16. The water in the primary system flows through the core of the reactor and therefore could contain 
radioactive materials, including deuterium, tritium, and radioactive oxygen isotopes. The use of a 
secondary system provides for isolation of these potentially hazardous materials from the external 
environment. 

17. Fission is the process in which a larger nucleus splits into two or more fragments, roughly equal in 
size. Fusion is the process in which smaller nuclei combine to form larger nuclei. 

18. Fossil fuel power plants are less expensive to construct and the technology is well known. However, 
the mining of coal is dangerous and can be environmentally destructive, the transportation of oil can 
be damaging to the environment through spills, the production of power from both coal and oil 
contributes to air pollution and the release of greenhouse gases into the environment, and there is a 
limited supply of both coal and oil. Fission power plants produce no greenhouse gases and virtually 
no air pollution, and the technology is well known. However, they are expensive to build, produce 
thermal pollution and radioactive waste, and when accidents occur they tend to be very destructive. 
Uranium is also dangerous to mine. Fusion power plants produce very little radioactive waste and 
virtually no air pollution or greenhouse gases. Unfortunately, the technology for large-scale 
sustainable power production is not yet known, and the pilot plants are very expensive to build. 

19. To ignite a fusion reaction, the two nuclei must have enough kinetic energy to overcome electrostatic 
repulsion and approach each other very closely in a collision. Electrostatic repulsion is proportional 
to charge and inversely proportional to the square of the distance between the centers of the charge 
distributions. Both deuterium and tritium have one positive charge, so the charge effect is the same 
for d-d and d-t ignition. Tritium has one more neutron than deuterium and thus has a larger nucleus. 
In the d-t ignition, the distance between the centers of the nuclei will be greater than in d-d ignition, 
reducing the electrostatic repulsion and requiring a lower temperature for fusion ignition. 

20. The interiors of stars contain ionized atoms (a plasma) at very high temperature and with a high 
density of nuclei. The nuclei have high enough kinetic energy and a great enough likelihood of 
colliding with other nuclei to allow fusion to occur. 

21. Stars maintain fusion confinement with gravity. The large amount of mass in a star creates a 
tremendous gravitational attraction on the gas particles which is able to overcome the repulsive 
Coulomb force and radiation pressure. 

22. Younger women may suffer damage to reproductive cells as well as somatic damage. Genetic 
damage caused by radiation can cause mutations and be passed on to future generations. A fetus is 
particularly susceptible to radiation damage due to its small mass and rapid cell development. Since 
it is quite possible, especially early in a pregnancy, for a woman to be pregnant and not know it, it is 
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reasonable to have lower recommended dose levels for women of childbearing years. Beyond the 
reproductive years, the acceptable exposure dosage for women can be increased. 


23. Alpha particles are relatively large and are generally emitted with relatively low kinetic energies. 
They are not able to penetrate the skin, and so are not very destructive or dangerous as long as they 
stay outside the body. If alpha emitters are ingested or breathed, however, the protective layer of 
skin is bypassed, and the alpha particles, which are charged, can do tremendous amounts of damage 
to lung or other delicate internal tissue due to ionizing effects. Thus, there are strong rules against 
eating and drinking around alpha-emitters, and the machining of such materials, which would 
produce fine dust particles that could be inhaled, can be done only in sealed conditions. 


24. The absorbed dose measures the amount of energy deposited per unit mass of absorbing material and 
is measured in Grays (SI) (1 Gy = 1 J/kg) or rads. The effective dose takes into account the type of 
radiation depositing the energy and is used to determine the biological damage done by the radiation. 
The effective dose is the absorbed dose multiplied by a quality factor, QF. The effective dose is 
measured in rem or siverts (SI). 1 Sv of any type of radiation does approximately the same amount 
of biological damage. 


£5 


Appropriate levels of radiation can kill possibly harmful bacteria and viruses on medical supplies or 
in food. 


26. Allow a radioactive tracer to be introduced into the liquid that flows through the pipe. Then check 
the pipe with a Geiger counter. When you find the tracer on the outside of the pipe (radiation levels 
will be higher at that point), you will have found the leak. 


Solutions to Problems 

[l] By absorbing a neutron, the mass number increases by one and the atomic number is unchanged. 


The product nucleus is 


A1 


Since the nucleus now has an “extra” neutron, it will decay by /? 


according to this reaction: A1 — > ^Si + ft + v e . Thus the product is 


Si 


2. If the (2-value is positive, then no threshold energy is needed. 

Q = 2m,/ - m 3 Hc C 2 - in / = [2(2.014082u)-3.01 6029 u - 1 .008665 u] 

= 3.232 MeV 


931.5 


MeV/c 


2 \ 


Thus | no threshold energy is required 


3. A “slow” neutron means that it has negligible kinetic energy. If the 0-value is positive, then the 
reaction is possible. 


Q = m m c 2 +m/ -m m c 2 = [238.050788u + 1.008665u- 239.054293 u] 

92 U 92 U 

= 4. 807 MeV 


931.5 


MeV/c 


2h 


Thus | the reaction is possible 
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4. The (2-value tells whether the reaction requires or releases energy. 

0 = me 1 + m^c 1 -m^c 1 - m a c 2 = [l.007825u + 7.016005u- 2 (4.002603) u] 

= 17.35 MeV 


931.5 


MeV/c 


A 


The reaction 


releases 17.35 MeV 


5. The (9-value tells whether the reaction requires or releases energy. 
0 = m c 2 + m q c 2 - m n c 2 - m c 2 

Z-' a 12 r n 


= [4.002603 u + 9.012182u - 12.000000u - 1.008665 u] 
The reaction releases 5.701 MeV 


931.5- 


. MeV/c 


A 


c 2 =5.701 MeV 


J 


6. (a) If the 0-value is positive, then no threshold energy is needed. 

Q = m c 1 + c 2 - m„ c 2 - m.c 2 

^ " “Mg n Na d 

= [1.008665 u + 23.985042 u - 22.989769u - 2.014082u] 


931.5 


MeV/c 


2 9 


c 2 =-9.449 MeV 


) 


Thus more energy is require d if this reaction is to oc cur. The 16.00 MeV of kinetic energy is 


more than sufficient, and so the reaction can occur 


(. b ) 16.00 MeV - 9.449 MeV= 6.55 MeV of energy is released 


[ 7 ] (a) If the 0-value is positive, then no threshold energy is needed. 

0 = m c 2 + 777 . c 2 — m, c 2 - 77 ? c 2 

^ P Ili . He a 


= [l .007825 u + 7.0 1 6005 u - 2 (4.002603 u) ] 


931.5- 


. MeV/c 


29 


c~ =17.348 MeV 


J 


Since the 0-value is positive, | the reaction can occur 


(. b ) The total kinetic energy of the products will be the 0-value plus the incoming kinetic energy. 

+ 0 = 3.5 MeV + 17.348 MeV=[ 


K — K 

v total v reactants 


20. 8 MeV 


(a) If the 0-value is positive, then no threshold energy is needed. 

0 2 2 2 2 

= 777 C + 777 ,, C - 777 ,. C -me 

a I4 n l7 n P 


= [4.002603 u + 14.003074 u - 16.999 132 u - 1.007825 u] 


931.5- 


. MeV/c 


29 


c = -1.192 MeV 


J 


Thus more energy is require d if this reaction is to oc cur. The 9.68 MeV of kinetic energy is 


more than sufficient, and so the reaction can occur 


(. b ) The total kinetic energy of the products will be the 0-value plus the incoming kinetic energy. 

+ 0 = 9.68 MeV - 1 . 1 92 MeV=| 8.49 MeV 


K = K 

v total v reactants 
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9. 0 = m c + m, 6 c 2 -m,„ 

^ a '”0 ^Ne 


= [4.002603 u + 15. 994915u -19.992440u] 931.5 


MeV/c- 


c" = 4.730 MeV 


10. The (2-value tells whether the reaction requires or releases energy. 

0 = m A c + m, c 2 - m u c - m/ 

f 

= [2.014082u + 13.003355u - 14.003074u - 1.008665 u] 931.5 


. MeV/ c 


c- =5.308 MeV 


The total kinetic energy of the products will be the 0-value plus the incoming kinetic energy. 


^tota, = + Q = 44.4 MeV + 5.308 MeV= 49.7 MeV 


11. The nitrogen- 14 absorbs a neutron. Carbon- 12 is a product. Thus the reaction is 

n+^N — » ‘gC + ?. The reactants have 7 protons and 15 nucleons, which means 8 neutrons. Thus 
the products have 7 protons and 1 5 nucleons. The unknown product must be a proton. Thus the 
reaction is n+^N — > ‘*C + p. 

Q = m n c 2 + - m u c 2 - me 2 

= [1 .008665 u + 14.003074 u - 14.003242 u - 1 .007825 u]f 931.5 c 2 = 1 0.626 MeV 

u 


12. (a) 

(b) 

(c) 


The deuteron is , and so the reactants have 4 protons and 8 nucleons. Therefore the 
reactants have 4 neutrons. Thus the products must have 4 protons and 4 neutrons. That means 
that X must have 3 protons and 4 neutrons, and so X is ’Li . 

This is called a “stripping” reaction because the lithium nucleus has “stripped” a neutron from 
the deuteron. 

The 0-value tells whether the reaction requires or releases energy. 

0 = m ,c + m, c 2 — m , c 2 - m c 2 

^ d ‘Li 3 Li P 


= [2.014082u + 6.015123u -7.016005 u - 1.007825 u] 931.5 


. MeV/<T 


c = 5.007 MeV 


Since the 0-value is positive, the reaction is exothermic 


13. (a) This is called a “pickup” reaction because the helium has “picked up” a neutron from the carbon 
nucleus. 

(. b ) The alpha is /lie . The reactants have 8 protons and 15 nucleons, and so have 7 neutrons. Thus 
the products must also have 8 protons and 7 neutrons. The alpha has 2 protons and 2 neutrons, 
and so X must have 6 protons and 5 neutrons. Thus X is ”C . 
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(c) The (2-value tells whether the reaction requires or releases energy. 


O-m , c 2 +m, 2 c -m,, c 2 -m c 2 

12 r 11 r a 


= [3.016029u + HOOOOOOu -1 1.01 1434u - 4.002603 u] 


931.5 


MeV/c ; 


u 


2 A 


2 

c - 


1.856MeV 


Since the (2-value is positive, the reaction is exothermic 


14. (a) The product has 16 protons and 16 neutrons. Thus the reactants must have 16 protons and 16 
neutrons. Thus the missing nucleus has 1 5 protons and 1 6 neutrons, and so is 
( b ) The 0-value tells whether the reaction requires or releases energy. 


0 = m c 2 + m 3I c 2 - m, 2 c 2 


= [1 .007825 u + 30.973762 u - 3 1 .97207 1 u] 


931.5 


MeV/c 


2 A 


2 

c = 


1.864 MeV 


15. We assume that all of the particles are essentially at rest, and so ignore conservation of momentum. 
To just make the fluorine nucleus, the 0-value plus the incoming kinetic energy should add to 0. 

K + Q = K + mc 2 + m,. c 2 - m.. c — mc~—0 — > 

Z-s p 18 q lx p n 


m,. c 2 = K + m c 2 + m,. c 2 - m c 2 = 

ls p p l!i O n 


= 2.438 MeV + [1.007825 u + 17.999161u -1.008665 u] 
= 1.6767874 xlO 4 MeV 
772 1Kp =(1.6767874 xl0 4 MeV)c 


( 


931.5- 


. MeV/c 


2 A 


V 


lu 


93 1.5 MeV/c 


18.000938u 


16. We assume that the energies are small enough that classical mechanics is applicable, particularly 
p - sJlmK and K - \ mv 2 . The least proton kinetic energy is required when the product particles 

move together and so have the same speed. We write equations for 1-D momentum conservation 
and for energy conservation, and then combine those to find the required proton energy. 

P P =P n +P N =(m n +w N )v 


p 

K =-^~ 
p 2m 


K +K n 

n N 


[( 


m +m, 


2m 


. ) vl ( m + m„ ) , , , , (m + m ., ) , , 

— = — +”>»)>'- 'Ak, +K„) 

m m 


m 


i , & 

( m n + ) 


Energy conservation : K +Q = K n +K N 


m 


i , 

( m n + W N J 


K 


m + 


m n + m s -»»p 


Note that this result is also derived in Problem 87. We now substitute in the values for this specific 
problem. 


K=-Q- 


m + m. 


m + m - m 

n N p 


m, 3 c~ + me 2 - m n c -me 2 

"C P N n 


m +m M 

l n N 

J m + m., - m 

n N p 
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f 


13.003355 u + 1 .007825 u - 1 3.005739 u - 1 .008665 u 
1.008665 + 13.005739 


931.5 


MeV/c 


2 A 


V 


L V 


1.008665 + 13.005739-1.007825 


3.24 MeV 


Jfl Jfl 

If some intermediate values are used, such as Q - -3.003 MeV , and 


■ = 1.077, the mass 


m + m.. - m 

n N p 


factor as 1.077, then the value of 3.23 MeV will be obtained. 


17. We use the same derivation algebra as in Problem 16, and so jump to the final expression. 


K=-Q~ 


+ m. 


m + m., - m 

n N p 


m [4 c 2 +m c 2 - m ,, c 2 -m c 2 

“C P ,N n 


m + m XT — m 

n N p 


f 


1 4.003242 u + 1 .007825 u - 14.003074 u - 1 .008665 u 
1.008665 + 14.003074 


931.5- 


MeV/c 


2 h 


L V 


1 .008665 + 14.003074 - 1 .007825 


0.671 MeV 


18. 


19 


20 . 


We use Eq, 42-3. 


— = nla - (l.7 xlO 21 nuclei/m 3 ) (0.120 m)(40x 10 
R., 


From the figure we see that a collision will occur if 
d < + f?,. We calculate the area of the effective circle 

presented by R 2 to the center of . 

cr = 7td 2 = ^(7?, +R 2 ) 2 


At a distance x into the target material, particles are 
arriving at a rate R x . Due to interactions between the 

particles and the target material, which remove particles 
from the stream, particles are arriving at a distance of 
x + dx at a lower rate of R x + dR x , where dR x < 0. Thus 

the collision rate is -clR .. The cross section, given in Eq. 

42-3, gives the relationship between the two rates. Also 
see the diagram. 



x = 0 x x + dx i 
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o ■ 


~dR 

Rndx 




-dR, = Rnodx 


Integrate the above differential relationship. 

1 r 

dR = -R nodx — > — dR - -no dx 

XX J n x J 


n R 

Rr, X 


X 

f 7 

f r'] 

no \dx —> In 


J 1 

0 

\ R o y 


-nox 


R = R n e 

x 0 


R 0 e n,jt represents the rate at which particles leave the target material, unaffected by the target 
material. 


21. We use the result from Problem 20, where R e = R 0 e " a . We use the data for the 1.0-cm-thick target 
to get an expression for no. 

1 


R , = 


not 


i, R t 

no = — In — = 
l R, 


R = R n e~ 


1 i R 

In — 

no R, 


0.010 m 

f 


-In 0.25 = 138.63 nf 


1 


0 v 138.63 m j 


ln- 


10 6 


9.966x10 m* 


10cm 


Note that the answer is correct to 2 significant figures. 


22. We assume a 2.0% reaction rate allows us to treat the target as thin. We use Eq. 42-3. We need the 
volume density of the cadmium atoms. 


n = 


(8650 kg/m 3 ) 


6.02 xlO 23 atoms 


0.1139kg 

(a) The cross section for 0. 1-eV neutrons is ~ 3000 bn. 
R 


= 4.572 x 10 28 nuclei/ m 3 


— = nio — > 
R, 


1 


£ = —— = (0.020)7 , w 

R 0 no v 3 (4.572xl0 28 nuclei/m 3 ) (3000 x 1 0" 28 m 2 ) 


= 1.458x10 m 


1 .5 pm 


( b ) The cross section for 5.0-eV neutrons is ~ 2 bn. 

i = — — — = ( 0 . 020 ) 1 


R 0 no 


(4.5 72 x 1 0 28 nuclei/m 3 ) (2 x 1 O' 28 nr ) 


= 2.187x10 3 m 


2.2 mm 


23. The (1- value gives the energy released in the reaction, assuming the initial kinetic energy of the 
neutron is very small. 

2 2 2 2 2 
O-m c + m,,, c - m.. c -m„ c - 3 m c 

^ n olU '"Ba “Kr n 


= [l. 008665 u + 235.043930u - 140.91441 lu - 91.926156u - 3(1. 008665 u)] 


931.5- 


MeV/c 




= 173.3 MeV 
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24. 


The (9-valuc gives the energy released in the reaction, assuming the initial kinetic energy of the 
neutron is very small. 

Q = m n c 2 + m m c 1 - rn m c - m m c 2 -\2m n c 

92 u 38 54 Ae 


= [l.008665u + 235.043930u-87.905612u-135.907219u-12(l.008665u)] 


931.5 


MeV/c : 


2 5 


126.5 MeV 


25. The power released is the energy released per reaction times the number of reactions per second. 


energy # reactions 

P = — x 

reaction s 

# reactions P 


200x10 W 


energy (200xl0 6 eV/reaction)(l.60xl0~ 19 J/eV) 
reaction 


6xl0 ls reactions/s 


26. Compare the energy per fission with the rest mass energy 
energy per fission 200 MeV 


= 9.1x10' 


rest mass energy me 2 ( 235 u) ( 93 1 .5 MeV/c 2 ) < 

27. We convert the 880 watts over a year’s time to a mass of uranium. 


1100 


"880 U 

i^3.156x10 7 s^ 

( IMeV ^ 

r 1 fission ' 

( 0.235 kg 2 92 U " 

V 1 s ) 

l U J 

U.60xlO~ 13 jJ 

v 200 MeV y 

v 6.02 xlO 23 atoms y 


= 3.388x10^ kg 23 2 U 


0.34g 2 92 U 


28. (a) The total number of nucleons for the reactants is 236, and so the total number of nucleons for 
the products must also be 236. The two daughter nuclei have a total of 231 nucleons, so 


• 235 133 98 

5 neutrons must be produced in the reaction: U + n— > 51 Sb + 41 Nb +5n . 


(b) O - m„, c 2 +m c 2 -m,„ c 2 -m„ c 2 -5m c 2 

V ’ ^ “u 1 ™Sb ”Nb n 

= [235.043930u + 1.008665 u - 132.915250u - 97.910328u - 5(1. 008665 u)] 


931.5- 


. MeV/c 


2 5 


= 171. IMeV 


29. We assume as stated in problems 26 and 27 that an average of 200 MeV is released per fission of a 
uranium nucleus. Also, note that the problem asks for the mass of 23 g l U, but it is the 2 ” U nucleus 
that undergoes the fission. Since 22 *U is almost 100% of the natural abundance, we can use the 


235 • • 235 238 

abundance of 92 U from Appendix F as a ratio of 92 U to 92 U. 


(3 x 10 7 j) 

f IMeV 

" 1 nucleus 233 U ^ 

f 1 . 238 t t \ 

1 atom 92 U 

f 0.238 kg ' 

yl.60 x 10~ 13 J J 

v 200 MeV , 

v 0.0072 atoms 23 2 U y 

v 6.02 xlO 23 nuclei 2 92 U y 


= 5.15 x 10~ 5 kg 2 92 U 


5 x 10~ 5 kg 2 92 U 
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30. Since the reaction is 38% efficient, the fission needs to generate (950/0.38) MW of power. Convert 

the power rating to a mass of uranium using the factor-label method. We assume 200 MeV is 
released per fission, as in other problems. 


950x10 J 

x- 


1 atom 


leV 


0.38 s 200xl0 6 eV 1.60xl0~ 19 J 6.02 xlO 23 atoms 


0.235kg U 3.156x10 7 s 235 

= 962kg 92 U 


iy 


960 kg 233 U 


31. We find the number of collisions from the relationship E n = E 0 (y)" , where n is the number of 
collisions. 


In 




In 


— > n = - 


ln j 


0.040 eV 
1. 0xl0 6 eV 
In 2 


= 24.58 = 


25 collisions 


32. If the uranium splits into equal fragments, each will have an atomic mass number of half of 236, or 
118. Each will have a nuclear charge of half of 92, or 46. Calculate the electrical potential energy 
using Eq. 23-10. The distance between the nuclei will be twice the radius of a nucleus, and the 
radius is given in Eq. 41-1. 


U = - 


i oa 

4 7ts a r 


■ (8.99 x 10 9 N- 


. (46)' 1 

(l.60x 10 19 C) 

2 

1 , 

f IMeV ^ 

; 2| 

(l.2xl0 l7 m) 

(118) 

TJT\ 

(l.60xl0 _l3 J J 


260 MeV 


This is about | 30% larger | than the nuclear fission energy released. 


33. The height of the Coulomb barrier is given by the electrostatic potential energy, Eq. 23-10. The 
distance to use is the sum of the radii of the two particles involved. For the alpha decay, the 
daughter nucleus is </Th. We assume the fission results in two equal fragments, each with Z = 46 
and A = 128. These are palladium nuclei. 

1 QJL . rj 1 grdgrd 

9 ^ fission 


u„ =- 




u, 


fission 


4^o C+frh 


i Q«Q n 

fgg 0 r a +r Th 

1 gpdgpd 

4 +n 


4ns o r pd + r pd 

(2) (90) 


(l.2xl0^ 15 m)(4 1/3 +232 1/3 ) (2)(90)2(l28 1/3 ' 


(46) 2 


0 r Pd+frd ( 1.2x10 l5 m)2(l28 13 


(46) 2 (4 1/3 +232 1/3 ' 


0.11 


34. The reaction rate is proportional to the number of neutrons causing the reactions. For each fission 
the number of neutrons will increase by a factor of 1.0004, so in 1000 milliseconds the number of 


neutrons will increase by a factor of (1.0004) = [VS 

35. K = \kT = -§-(1.38 x IQ 23 J/k)(2 x 10 7 k) 


4 x 10 16 J 


f(l.38xl0' 23 j/K)(2xl0 7 K) - 

' V T 


leV 


.60 x 10 J J 


= 2588 eV 


3000 eV 
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36. The (9-value gives the energy released in the reaction. 

0- 777, C 2 +777, C 2 - 777, C - 777 

2 H 3 H n 


= [2.014082 u + 3.016049 u - 4.002603 u - 1 .008665 u 


931.5 


MeV/c 


2 A 


2 

c = 


17.57 MeV 


37. Calculate the (2-value for the reaction 2 H + 2 H — > 2 He + n 

O = 2777, C 2 - 777 , C 2 - 777 C" 

^ :H He 11 


= [2 (2.014082 u) - 3.016029 u - 1.008665 u] 


931.5- 


. MeV/ c 


2 A 


3.23 MeV 


38. For the reaction in Eq. 42-7a, if atomic masses are to be used, then one more electron needs to be 
added to the products side of the equation. Notice that charge is not balanced in the equation as 
written. The balanced reaction is ] H + ] H — > 2 H + e + + v + e~ 


e o 2 2 2 2 

-2m, c -777, c -m e —m c 

H , H e e 


= [2(l.007825u)-2.014082u-2(0.000549u)] 



c 2 = 0.4378 MeV « 

0.44 MeV 

l u ) 




For the reaction in Eq. 42-7b, use atomic masses since there would be two electrons on each side. 

0 = 777. C 2 + 777, C~ — 777 , C 2 

1 H , H 2 He 

= [ 1. 007825 u + 2.0 14082 u- 3. 01 6029 u] 


f 93 1 .5 MeV / £ ' 2 ) 

c 2 = 5.4753 MeV « 

5.48 MeV 

l U ) 




For the reaction in Eq. 42-7c, use atomic masses since there would be two electrons on each side. 


0 = 2777, C - 777, C 1 —2m. C 

T4f> Up 14 


i H 


= [2 (3.016029u)- 4.002603- 2(1. 007825u)] 


f 


. MeV/c 


2 A 


931.5- 
V u 


12. 86 MeV 


39. (a) 


(b) 


Reaction 42-9a: 


Reaction 42-9b: 


Reaction 42-9c: 


4.00 MeV lu 1kg 

2(2.014082u) 1.66 x 10 _27 kg lOOOg _ 
3.23 MeV lu 1kg 

2(2.014082u) X 1.66 x 10 _27 kg X lOOOg _ 
17.57MeV lu 

(2.014082u + 3.016049u) X 1.66 x 10 _27 kg 


5.98 xlO 23 MeV/g 


4.83 xlO 23 MeV/g 


1kg 

lOOOg 


2.10 xlO 24 MeV/g 


Uranium fission (200 MeV per nucleus): 

200 MeV lu 1kg 

(235u) X 1.66xlO" 27 kg X lOOOg 
Reaction 42-9a gives about 17% more energy per gram than uranium fission. Reaction 42-9b 
gives about 6% less energy per gram than uranium fission. Reaction 42-9c gives about 4 times 
as much energy per gram than uranium fission. 


5.13xl0 23 MeV/g 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

596 














Chapter 42 


Nuclear Energy’; Effects and Uses of Radiation 


40. Calculate the (2-value for the reaction 23 2 U + n — > 23 2 U 
Q = m m c 2 + m n c 2 - c 2 

92 U 92 U 

r / MeV/c 2 ^ 2 

= [238.050788 u + 1. 008665 u- 239.054293 u] 931.5 L — c 2 = 4.807 MeV 

u 


41. The reaction of Eq. 42-9b consumes 2 deuterons and releases 3.23 MeV of energy. The amount of 
energy needed is the power times the elapsed time, and the energy can be related to the mass of 
deuterium by the reaction. 

( n JV Y„ <ft7 sV IMeV Y 2 d Y 2 -014xKr 3 kg^ 
l s P \ yrJU-60xl0^ 3 jJY-23MeVj^ 6.02xl0 23 d ) 

= 3.473 xl0^kg = 1 0.35 g 


42. (a) The reactants have a total of 3 protons and 7 neutrons, and so the products should have the 

same. After accounting for the helium, there are 3 neutrons and 1 proton in the other product, 
and so it must be tritium, 3 He. The reaction is jLd + ^n —> 2 He + 3 H. 

(b) The (9-value gives the energy released. 


(9 = 777, C + 777, C 2 - 777, C~- 777, C~ 

5 Li in ,He ;He 


= [6.0 1 5 123 u + 1 .008665 u - 4.002603 u - 3.0 1 6049 u] 93 1 .5 


. MeV/c 


c 2 = 4.784 MeV 


Assume that the two reactions take place at equal rates, so they are both equally likely. Then from 
the reaction of 4 deuterons, there would be a total of 7.228 MeV of energy released, or 1.807 MeV 

1250MW 

per deuteron on the average. A total power of = 3788 MW must be obtained from the 

0.33 

fusion reactions to provide the required 1250 MW output, because of the 330% efficiency. We 
convert the power to a number of deuterons based on the energy released per reacting deuteron, and 
then convert that to an amount of water using the natural abundance of deuterium. 

1 a « J Y 3600 s Y IMeV Y Id Y 1 H atom ^ ] 

3788x10 - 


3788 MW -> 


1 H 2 0 molecule 
2 H atoms 

= 6131 kg / h i 


5 yyl. 60x10 J y 1^1. 807 MeV A 0.000115 d's 
0.018 kgH 2 0 N 
6.02 x 1 0 23 molecules , 


44. We assume that the reactants are at rest when they react, and so the total momentum of the system is 
0. As a result, the momenta of the two products are equal in magnitude. The available energy of 
17.57 MeV is much smaller than the masses involved, and so we use the non-relativistic relationship 

2 

between momentum and kinetic energy, K - — » p = V 2m K . 

2m 


K 4 +K =K tt ,=17.57MeV 

4 {_j e n total 


P — > . / 2 777 4 K 4 = -t 2m K — > 

r n \ Hp Hp V n n 


m 4 K, = m K —> m. K. =m K t —K, 

,He t He n n ,He ,He n \ total 4 He , 
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m 


m, + m 

tHe n 


“^Sotal 


1.008665 


A 


4.002603 + 1.008665 J 


17.57 MeV = 3.536 MeV: 


3.5 MeV 


K =K tM -K t = 17.57MeV-3.54MeV = 14.03 MeV: 

n total 4 j-j e 


14 MeV 


If the plasma temperature were significantly higher, then the approximation of 0 kinetic energy being 
brought into the reaction would not be reasonable. Thus the results would depend on plasma 
temperature. A higher plasma temperature would result in higher values for the energies. 


45. In Eq. 42-9a, 4.00 MeV of energy is released for every 2 deuterium atoms. The mass of water can be 
converted to a number of deuterium atoms. 


(1.00 kg H 2 0) 


6.02x10 H„0 


0.018kgH 2 0 


2 


f 


2H 


A 


\lH 2 Oy 


1.15xlO~V 


V 


1H 


= 7.692 x 1 0' 1 d nuclei -> 


(7.692 x 10 21 d nuclei) 


As compared to gasoline: 


4.00x10 eV 
2 d atoms 
2.46 x 10 9 J ^ 
5 x 10 7 J 


1.60x10 'V 
leV 


2.46x10 9 J 


50 times more than gasoline 


46. (a) 


We follow the method of Example 42-10. The reaction is 12 C -t- ( H — > 13 N + ^. We calculate 

the potential energy of the particles when they are separated by the sum of their radii. The radii 
are calculated from Eq. 41-1. 


K 


total 


1 Mh 
AnSo r c + r H 


(8.99 x 10 9 N*m 2 / C 2 


tJ 

(6)0) 

(l.60xKF 19 c) 

2 

1 

( IMeV ^ 

(l.2 x 10 


(l 1/3 + 12 

U3) 

yl.60 x 10" 13 J J 


= 2. 19 MeV 


For the d-t reaction. Example 42-10 shows K toa] = 0.45 MeV . Find the ratio of the two 
energies. 

K c 2. 19 MeV _ 

— ^ = = 4.9 

K. , 0.45 MeV 

d-t 

The carbon reaction requires about 5 times more energy than the d-t reaction. 

(. b ) Since the kinetic energy is proportional to the temperature by K = f kT , since the kinetic 
energy has to increase by a factor of 5, so does the temperature. 

T = 4.9(3 x 10 8 K) * 1 1 .5 x 10 9 K . 


47. (a) No carbon is consumed in this cycle because one 12 C nucleus is required in the first step of the 
cycle, and one 12 C nucleus is produced in the last step of the cycle. The net effect of the cycle 

can be found by adding all the reactants and all the products together, and canceling what 
appears on both sides of the reaction. 


l2 C+ l 
6 ^ ' 1 

H 

-> 

13 N + y 

13 

7 

N 

-» 

13 C + e + + v 


H 

->• 

> + r 

> + 

|H 

->• 

"o + r 
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“.O -> 

‘,N + |H -> 


13 N + e + +v 
1C+jHe 


12 

6 


c+ ;h+‘ 7 3 n+ 13 c+ ;h+ ‘ 7 n+ ;h+ i3 o+‘,n+ ;h 

13 N + / + l3 C + e + +v+ ‘ 7 N + 7 + 13 0 + / + 


lN + e + +v+“C+jHe 


4]H — > 7 He + 2e + + 2v + 3y 

There is a difference of one gamma ray in the process, as mentioned in the text. 

(b) To use the values from Appendix F, we must be sure that number of electrons is balanced as 
well as the number of protons and neutrons. The above “net” equation does not consider the 
electrons that neutral nuclei would have, because it does not conserve charge. What the above 
reaction really represents (ignoring the gammas and neutrinos) is the following. 

4jH -> ,He + 2e + => 4]p -> 2; P + 2‘n + 2e + 

To use the values from Appendix F, we must add 4 electrons to each side of the reaction. 

(4|p + 4e~) -> (2; P + 2e~ + 2>) + 2e + +2e~ => 4[H -> ,He + 2e + +2e~ 

The energy produced in the reaction is the Q- value. 

O = Am, c — m, c — Am 

|h ;he « 


- [4(1.007825 u) - 4.002603u - 4(0.000549u)] 


( 


931.5 


MeV/c 




V 


c 2 = 24.69 MeV 


J 


As mentioned at the top of page 1 143, the positrons and the electrons annihilate to produce 
another 2.04 MeV, so the total energy released is 24.69 MeV + 2(l.02MeV) = 26.73 MeV 


(c) In some reactions extra electrons must be added in order to use the values from Appendix F. 


The First equation is electron-balanced, and so Appendix F can be used. 

0 = m„ c 1 + m, c 2 -m,, c 2 

r 1 u XT 


= [12.000000 u + 1 .007825 u - 1 3.005739 u] 


f 


931.5- 


MeV/c 


2 h 


V 


1.943 MeV 


The second equation needs to have another electron, so that 13 N — > l3 C + e +e + +v. 


O = m,, c 2 - m , c - 2m c 2 

,n ';c e 


= [13.005739 u - 13.003355u - 2 (0.000549 u)] 


f 


931.5 


MeV/c 


2h 


V 


c- = 1.198 MeV 


7 


We must include an electron-positron annihilation in this reaction. 
1.198 MeV + 1 .02 MeV = 1 2.2 18 MeV 


The third equation is electron-balanced. 
Q = m„ c +m, c 2 — m u c 2 

^ 'l C !h “n 


= [13.003355u + 1.007825u- 


14.003074u] 


6 


931.5 


MeV/c 


2 h 


V 


7.551 MeV 
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The fourth equation is electron-balanced. 

6 1 , 2 2 

= m l4f .c +m, H c -m ISQ C 

= [14. 003074 u + 1.007825 u -15. 003066 u] 


f 


931.5 


MeV/c 


2 A 


V 


2 

c - 


7.296 MeV 


The fifth equation needs to have another electron, so that 'JO — > )N + c +e + +v. 


0 - m ]5 c 1 - m c 2 - 2m c 2 

^ 'jO “n e 


= [15-003066U - 15.000109u - 2(0.000549u)] 


f 


931.5- 


MeV/c 


2 A 


V 


c = 1.732 MeV 


J 


We must include an electron-positron annihilation in this reaction. 
1 .732 MeV + 1.02 MeV = 1 2.752 MeV 


The sixth equation is electron-balanced. 

Q-m., c 2 +m, c 1 —m„ c 2 -m, c 2 

41 “N |h ;C 2 He 

= [l5.000109u + 1.007825u-12.000000u-4.002603u] 


( 


931.5- 


MeV/c 


2 A 


V 


u 


4.966 MeV 


The total is found as follows. 

1 .943 MeV + 2.218 MeV + 7.55 1 MeV + 7.296 MeV + 2.752 MeV + 4.966 MeV 
= 26.73 MeV 

(d) It takes a higher temperature for this reaction than for a proton-proton reaction because the 
reactants have to have more initial kinetic energy to overcome the Coulomb repulsion of one 
nucleus to another. In particular, the carbon and nitrogen nuclei have higher Z values leading to 
the requirement of a high temperature in order for the protons to get close enough to fuse with 
them. 


48. Because the quality factor of alpha particles is 20 and the quality factor of X-rays is 1, it takes 20 
times as many rads of X-rays to cause the same biological damage as compared to alpha particles. 

Thus the 250 rads of alpha particles is equivalent to 250 rad x 20 = I 


5000 rad 


of X-rays. 


|49.| Use Eq. 42-1 lb to relate Sv to Gy. From Table 42.1, the quality factor of gamma rays is 1, and so 


the number of Sv is equal to the number of Gy. Thus 4.0 Sv = 4.0 Gy 


50. A gray is 1 Joule per kg, according to Eq. 42-10. 


3.0 — x65kg = 195J 
kg 


200 J 


(2 sig. fig.) 


5 1 . The biological damage is measured by the effective dose, Eq. 42-1 lb. 
65 rad fast neutrons x 10 = x rad slow neutrons x 3 — >■ 

65 rad x 1 0 


3 


220 rad slow neutrons 
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52. (a) Since the quality factor for protons is 1, t he effective dose (in rem) is the same as the absorbed 
dose (in rad). Thus the absorbed dose is 1.0 rad or 0.010 Gy. 


(b) A Gy is a J per kg. 


(o,.oo y) fs W-^Y-2^ 

( lGy y yl. 60x10 Jyvl-2xl0eV 


1.3 x 10'°p 


53. The counting rate will be 85% of 25% of the activity, 
in 3.7 xlO 10 decays/s Y lfi Y 


(0.035 xl0~ 6 Ci) 


1 decay 


(0.25)(0.85) = 275.2 counts/s « 280counts/s 


54. The two definitions of roentgen are 1.6 x 10 12 ion pairs/g produced by the radiation, and the newer 
definition of 0.878 x 10 2 j/kg deposited by the radiation. Start with the current definition, and 
relate them by the value of 35 eV per ion pair. 

1R = (0.878 x 10~ 2 j/kg)(lkg/l000g)(leV/l.60 x 10~ 19 j)(lionpair/35eV) 

= 1.567 x 10 12 ion pairs/g 

The two values of ion pairs per gram are within about 2% of each other. 

55. We approximate the decay rate as constant, and find the time to administer 36 Gy. If that calculated 
time is significantly shorter than the half-life of the isotope, then the approximation is reasonable. If 
1.0 mCi delivers about 10 mGy/min, then 1.6 mCi would deliver 16 mGy/min. 

. dose _ 36 Gy f lday , I, ^ I 


dose = rate x time 


dose 36 Gy lday | r— 

time = = — =1.56day« l.f 

rate 16 x 10 Gy/min ll440min J — 


This is only about 1 1 % of a half life, so our approximation is reasonable. 


56. Since the half-life is long (5730 yr) we will consider the activity as constant over a short period of 
time. Use the definition of the curie from Section 42-6. 


(2.00xl0^Ci) 


3.70 xlO 10 decays/s 


N = = ( 7.4 xlO 4 decays/s) — ](3. 156 x 10 7 s/y) = 1.931xl0 16 nuclei 

dt In 2 V \ In 2 ’ 

1.93 lxlO 16 nuclei f dd )14kg _ 4.49xl0~ lo kg 

V 6.02 x 10 nuclei J 


= 7.40xl0 4 decays/s = — - AN = N 


5730 y 


57. (a) According to Appendix F, 12 ‘ I decays by beta decay. 

131 T 131 -\7- ft— I — 

53 1 -> 54 Xe + ^ +V 

(. b ) The number of nuclei present is given by Eq. 41-6. 


N = N,e" -> t = — 


T ' llhl N 0 _ ( 8.0 d) In 0.070 


= 30.69d« 31d 
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(c) The activity is given by dN /dt = -AN. This can be used to find the number of nuclei, and then 
the mass can be found. Note that the numeric value of dN ) dt is negative since the number of 
undecayed nuclei is decreasing. 
dN 


dt 


N = - 


■ = -AN -> 


dN/dt ( T ll2 )(-dN/dt ) (8.0d)(86400s/d)(lxlQ- 3 Ci)(3.70xl0 10 decays/s) 


A In 2 

= 3.69 x 10 13 nuclei 

A 0.131kg 


In 2 


3.69 x 10 nuclei 


6.02 x 10 nuclei J 


8 x 10“ 12 kg = 8ng 


58. The activity is converted to decays per day, then to energy per year, and finally to a dose per year. 
The potassium decays by gammas and betas, according to Appendix F. Gammas and betas have a 
quality factor of 1 , so the number of Sv is the same as the number of Gy, and the number of rem is 
the same as the number of rad. 


2000x10 


-i2 Ci^ 


u 


3.70x10' 


, decays/s 


v 


ICi 


(I2hr) 


r 3600s v 


1.598x10' 


decays 

day 


f 


365—^- 

V yr J 


(0.10) 


J 

f 


hr 


0.5- 


day 


= 1.598x10' 


decays 

day 


1.5- 


MeV 

decay 


( 1.60x10 13 j/ 
MeV 


= 1.40 x 10~ 5 — 

yr 


(a) For the adult, use a mass of 60 kg. 
Effective dose = 


6 T ^ 

1.40x10 5 — 


V 


f 1 ) 

f 1Gy l 

f 1SV l 

U°kgJ 

llJ/kgJ 

UGyJ 


= 2.33 x 10“ 7 Sv/yr 


( 1 O' mrem 
Sv 


= 2.33 x 10" 2 mrem/ yr 


2x10 7 Sv/yr or 2xl0 2 mrem/yr 


2.33x10“ 


fraction of allowed dose = ■ 


mrem 


year 


mrem 


2 x 10 times the allowed dose 


100 - 

year 

( b ) For the baby, the only difference is that the mass is 10 times smaller, so the effective dose is 10 
times bigger. The results are as follows. 


2x10 6 Sv/yr , 

0.2 mrem/ yr 

, and 

2x10 3 times the allowed dose 


59. Each decay releases one gamma ray of energy 122 keV. Half of that energy is deposited in the body. 
The activity tells at what rate the gamma rays are released into the body. We assume the activity is 
constant. 

(l .55 x 1 0“ 6 Ci) ^3.70 x 1 0 10 ^ ( 86400 s/day) ( 0.50) (122 keV/y) (l .60 x 1 0~ 16 j/kev) j^-^— 


= 8.338xl0~ 


J/kg 

day 


.3x10“ 


Gy 

day 
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60. We use the dose, the mass of the beef, and the energy per electron to find the number of electrons. 

, ( lJ/kgV J IMeV ^ 1 ~" A 

4.5x10 Gy| — (5kg) 


lGy 


yl. 60x10 J ) 


le 


v 1 .2 MeV j 


lxlO l7 e~ 


(c) 


|61.| (a) The reaction has Z = 86 and A = 222 for the parent nucleus. The alpha has Z = 2 and A = 4, so 
the daughter nucleus must have Z = 84 and A = 2 1 8. That makes the daughter nucleus ^ Po 


( b ) From Figure 41-12, polonium-218 is 

radioactive 

each with a half-life of 

3.1 minutes 



The daughter nucleus is not a noble gas, so it is | chemically reacting | . It is in the same group as 
oxygen, so it might react with many other elements chemically. 

„ In 2 

(d) The activity is given by Eq. 4 1 -7a, R- AN = N . 


In2 ln2 

R = N = 

T U2 (3.8235d)(86400s/d) 


(l.6xl0 9 g) 


6.02 xlO J nuclei 


222 g 


= 9.104xl0 6 decays/s » 9.1xl0 6 Bq 


= 0.25 mCi 


To find the activity after 1 month, use Eq. 41-7d. 

In 2 In 2 


R = R 0 e Ty 2 = (9.104xl0 6 decays/s)e 


(3.8235d) 


(30d) 


= 3.956 xlO 4 decays/s 


4.0xl0 4 Bq =1.1 juC\ 


62. (a) For parallel rays, the object and the image will be the same size, and so the magnification 
(b) When the film is pressed against the back, the image of the back on 
the film will be the same size as the back, since there is no appreciable 
spreading of the rays from the back to the film. So m b , dC]( = 1 . But, 
from the diagram, we see that the rays which define the boundary of 
the area on the chest will have a much larger image with the film at the 
back. The height of the image is proportional to the distance from the 
point source, since the rays travel in straight lines. 


is 


0 - 


m f = — 


K 4+d L = 1 + ^L = 1 _3 = 2.67 


h l d t d t 15 

So the range of magnifications is 1 < m < 2.67, depending on which 
part of the body is being imaged. 


■ 

Z / 

/ 


/ 


/ 


\ 


r 


>■ 


\ 


\ 


\ 


4 


63. The frequency is given in Example 42-14 to be 42.58 MHz. Use that to find the wavelength. 

,, ^ c 2.998 x10 s m/s 

c-fX A = — = 

f 42.58x10 Hz 

This lies in the radio wave portion of the spectrum. 


7.041m 
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64. We use Eq. 42-12, but with the neutron’s magnetic moment. 

¥ = 2q A -> 

hf hf hf 2 nfin p 




2(0.7023)p N 2(0.7023) — (0.7023)e 

A 7t in 


2n\ 

(42.58 xl0 f 

’Hz) 

(l .673 x 10 

27 kg) 

(0.7023) 

(l.602 x 10~ 19 C) 

1 


3.978T 


65. (a) The reaction is ’Be + \ He — > n + ? . There are 6 protons and 13 nucleons in the reactants, and 
so there must be 6 protons and 13 nucleons in the products. The neutron is 1 nucleon, so the 


other product must have 6 protons ad 12 nucleons. Thus it is 


C 


/,X n 2 , 2 2 2 

( b ) Q = m 9 c +m A He c -me ~m n c 

= [9.0 12 1 82 u + 4.002603 u - 1 .008665 u - 12.000000 u] 


( 


931.5- 


MeV/c 


2 5 


V 


J 


5.701 MeV 


66. The energy and temperature are related by the Boltzmann constant, which has units of 
energy /temperature. 

leV IkeV 


k = 1.381 xl0~ 23 — x- 


K 1.602x10 J lOOOeV 


1.620 x 10~ 8 keV/K 


|67.| From Eq. 18-5, the average speed of a gas molecule (root mean square speed) is inversely 
proportional to the square root of the mass of the molecule, if the temperature is constant. We 
assume that the two gases are in the same environment and so at the same temperature. We use UF 6 
molecules for the calculations. 


1 


m r 




238 + 6(19) 
'235 + 6(19) 


1.0043:1 


68. (a) We assume that the energy produced by the fission was 200 MeV per fission, as in Eq. 42-6. 

1 

(20kilotons TNT) 


( b ) Use E = me 2 


f 5xlO‘V 

( IMeV ^1 

r 1 fission atom ' 

f 0.235 kg ^ 

v 1 kiloton j 

U.60xl0' 13 jJ 

^ 200 MeV j 

v 6.02 x 10 23 atom y 


= 1.220kg * 1kg 


E - me 


m 


f 5xl0 12 !^ 

(20 kilotons TNT ) 

E ^1 kiloton j 


c (3.0 x 10 8 m/s) 

This is consistent with the result found in Problem 26. 


= 1.11x10 kg « lg 
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69. The effective dose (in rem) is equal to the actual dose (in rad) times the quality factor, from Eq. 42- 
11a. 

dose(rem) = (29mrad/yr X-ray, y-ray) (l) + (3.6mrad/yr)(l0) = 65mrem/yr 


70. The oceans cover about 70% of the Earth, to an average depth of approximately 4 km. The density 
of the water is approximately 1000 kg/ m 3 . Find the volume of water using the surface area of the 
Earth. Then convert that volume of water to mass, to the number of water molecules, to the number 
of hydrogen atoms, and then finally to the number of deuterium atoms using the natural abundance 
of deuterium from Appendix F. 

Mass of water = (surface area) (depth) (density) = 4^ (6.38 x Kf'm) (4000 m) ( 1 000 kg/ m ) 

= 2.05 x 10 21 kg water 


(2.05 x 10 21 kg water) 


6.02 x 10“ molecules ( 2 H atoms ’j / 0.0001 15 d atoms 
0.0 1 8 kg water J v 1 molecule A 1 H atom 


= 1.58 x 1 0 43 d « 2 x 10 4 d atoms 


= 1.58x10 d 


2xl(T 3 kg 
6.02 x 10 23 d atoms 


5xl0 16 kgd 


From Eqs. 42-9a and 42-9b, if the two reactions are carried out at the same rate then 4 deuterons 
would produce 7.23 MeV of energy. Use that relationship to convert the number of deuterons in the 
oceans to energy. 

u co 7.23 MeV 1.60xl(T 13 J „ „ 1a30t | c 1a3 „ t | 

1.58x10 d x x = 4.57x10 J«5xl0 J 

v ’ 4d IMeV 


71. Because the quality factor for gamma rays is 1, the dose in rem is equal in number to the dose in rad. 
Since the intensity falls off as r 1 , the square of the distance, the exposure rate times r 2 is constant. 

^ ^ 5 r ernf lrad V 1 year V Iweek / _ rad 


Allowed dose = 


2.747 x 10~ 


Iweek 


year l 1 rem J y 52 weeks A 35 hours 


= 2.747 x Iff" 



72. (a) The reaction is of the form ? — > \ I Ic + 222 Rn . There are 88 protons and 226 nucleons as 

products, so there must be 88 protons and 226 nucleons as reactants. Thus the parent nucleus is 



(b) If we ignore the kinetic energy of the daughter nucleus, then the kinetic energy of the alpha 
particle is the (I- value of the reaction. 
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K = m,,, c —m, c 2 — m,„ c 2 


= [226.025410u - 4.002603u - 222.017578u] 


f 


931.5 


MeV/c 


2 A 


V 


4.871 MeV 


(c) From momentum conservation, the momentum of the alpha particle will be equal in magnitude 
to the momentum of the daughter particle. At the energy above, the alpha particle is not 


relativistic, and so K = 


2m . 


? = Jim K . 

a V a a 


^2mK a =1 2 (4.002603 u) 

f 93 1.5 MeV/c 2 | 

l lu J 

(4.871 MeV) = 

191 M eV/c 


(d) Since p a = p 


K 


daughter 5 daughter 


2 

Pa 


daughter 


2 

Pa 


daughter daughter 

(191 MeV/c) 2 


daughter 


2 m 


daughter 


2(222u) 


^93 1.5 MeV/c 2 ^ 

lu 


$.82x10“ MeV 


Thus we see that our original assumption of ignoring the kinetic energy of the daughter nucleus 
is valid. The kinetic energy of the daughter is less than 2% of the 0-value. 


|73.| (a) The mass of fuel can be found by converting the power to energy to number of nuclei to mass. 


(2400 xlO 6 J/s)( 1 y) 

f 3.156x10V 

( 1 MeV 

1 fission atom ' 

f 0.235kg ^ 

l iy J 

V 1.60 x 10~ 13 J J 

v 200 MeV y 

v 6.02 x 10 23 atom y 


9.240x10 kg ~ 920 kg 


( b ) The product of the first 5 factors above gives the number of U atoms that fission. 


#Sratoms = 0.06(2400xl0 6 j/s)(l y) 

= 1.42 x 10 26 Sr atoms 
The activity is given by Eq. 41 -7a. 


,7„\ 


3.156x1 0 s 

iy 


IMeV 
1.60x10 13 J 


1 fission atom 


v 200 MeV j 


dN 


dt 


, In 2 In 2 

= AN = N = - -y — - T 

T U2 (29 yr) (3. 156 x 10 7 s/yrj 


(l .42 x lO 2 ") = 1.076 x 10 17 decays/s 


= (l.076 x 10 17 decays/s^ 


ICi 


3.70 x 10 10 decays/s 


= 2.91 x 10 6 Ci 


3 x 1 0 6 Ci 


74. This “heat of combustion” is 26.2 MeV / 4 hydrogen atoms. 


26.2 MeV 


4 H atoms 


13 r A 


V 


1.60 x 10 J 
IMeV 


1 H atom 


y V 1.0078Uy 


lu 


1.66 x 10 kg 


6.26 xlO 14 j/kg 


This is about 2xl0 7 times the heat of combustion of coal. 
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75. (a) The energy is radiated uniformly over a sphere with a radius equal to the orbit radius of the 
Earth. 

(l300W/m 2 )4;r(l.496xl0 11 m) 2 = 3.656xl0 26 W 


3.7 x 10 W 


( b ) The reaction of Eq. 42-8 releases 26.2 MeV for every 4 protons consumed, assuming we ignore 
the energy carried away with the neutrinos. 


f T 2 ( 4 protons "V 1 MeV ^ 


3.656 x 10 - 
v s 


v 26.2 MeV , 


1.60 x 1(T 13 J 


= 3.489 x 10 38 protons/s 


3.5 x 10 38 protons/s 


(c) Convert the Sun’s mass to a number of protons, and then use the above result to estimate the 
Sun’s lifetime. 


2.0 x 10 30 kg 


r 1 proton ^ 

f Is ) 

( lyr / 


1.1 x 10“yr 

1 .673 x 10~ 27 kg J 

v 3.489 x 10 38 protons y 

V3.156 x 10 7 ) 





76. For the net proton cycle, Eq. 42-8, we see that there are two neutrinos produced for every four 

protons consumed. Thus the net number of neutrinos generated per second from the sun is just half 
the value of protons consumed per second. That proton consumption rate is calculated in Problem 
75b. 

f 2 y "3 

(3.489 x 10 38 protons/s) — = 1.745 x 10 38 v/s 

Vp ) 

We assume the neutrinos are spread out uniformly over a sphere centered at the Sun. So the fraction 
that would pass through the area of the ceiling can be found by a ratio of areas, assuming the ceiling 
is perpendicular to the neutrino flux. But since the window is not perpendicular, a cosine factor is 
included to account for the angle difference, as discussed in Eq. 22- la. Finally, we adjust for the 
one-hour duration, assuming the relative angle is constant over that hour. 

(l.745 x 10 38 v/s) — m — (cos 38°) (3600s) = | 


4^(1.496x10“ m) 


3.2x10 20 v 


77. We use the common value of 200 MeV of energy released per fission. We then multiply that by the 
number of fissions, which we take as 5.0% of the number of U-238 atoms. 


Total energy = 


200 MeV 


U.602xl0“ 3 J V 


1 nucleus of ~ 92 U y 


IMeV 


233 U nuclei^ 
0.05 92 


V 


^ 6.022 xlO 23 nuclei of 238 U nuclei^ 
0.238 kg 238 U 


: 8.107 xlO 12 J « 8 x10 12 J 


, U nuclei 


(2.0kg 238 U) 


78. (a) The energy released is given by the (9- value. 


O = 2 m n c 2 - m 24 c 2 

^ »C 12 Mg 


[2 (l2.000000u) - 23.985042 u 


931.5- 


MeV/c 


2 'N 


13.93 MeV 


(. b ) The total kinetic energy of the two nuclei must equal their potential energy when separated by 
6.0 fm. 

1 q,q 2 


2K = - 


4 7T£ a r 
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K _i 1 Ml 
2 4 ns 0 r 


. , J( 6 )(l. 60 xl 0 _ 19 c)l 

U8.99xl0 9 N-m 2 /C 2 )^— — 

“ V ’ 6.0x 1CT 1 m 


IMeV 


1.60xl0~ 13 J ) 


= 4.315MeV 


4.3 MeV 


(c) The kinetic energy and temperature are related by Eq. 18-4. 

(4.3 15 MeV) 


O.60xl(T 13 J A 


K = \kT -> T = fy- = j- 
k 




IMeV 


1.38x10 J/K 


3.3x10 K 


79. (a) A Curie is 3.7 x 10'° decays/s. 


( 0.10x10 6 Ci)(3.7xl0 10 decays/s) = 3700decays/; 


(. b ) The beta particles have a quality factor of 1 . We calculate the dose in gray and then convert to 
sieverts. The half life is over a billion years, so we assume the activity is constant. 


(3700decays/s)(l.4MeV/decay)(l.60 x 10 13 j/MeV)(3.156 x 10 7 s/y) 


1 


55 kg 


= 4.756 x 10~ 4 J/kg/y = 4.756 x 10~ 4 Gy/y = 4.8 x 10 -4 Sv/y 


4.756x10 Sv/y 

This is about ; : — = 0.13 or |l 3% of the background rate 


3.6 x 10 Sv/y 


80. The surface area of a sphere is 4 nr' . 

Activity _ 2.0xl0 7 Ci _ (2.0 x 10 7 Ci) (3.7 x 10 10 decays/s) 


m 


4nr 2 


4^(6. 38 x 10 6 m) 


1400 


decays/s 


m 


81. Q = 3m 4H c 2 -m l2c c 2 = [3(4.002603u) - 12.000000u] 


r 


931.5- 


MeV/c 


2 h 


V 


u 


7.274 MeV 


82. Since the half-life is 30 years, we assume that the activity does not change during the 2.0 hours of 
exposure. We calculate the total energy absorbed, and then calculate the effective dose. The two 
energies can be added directly since the quality factor for both gammas and betas is about 1 . 


Energy ■ 


(l.2 x 1 0 6 Ci) 3.7x10 


decays 
s J 


(1.6 hr) 


3600- 


1 hr 


850 xlO 3 


eV 

decay 


1.60xl0' 19 — ^ 
eV 


= 3.478 xlO~ 5 J 


, 3.478 x 10 J lOOrad _ . , 

dose = x — = 5.351 x 10 rad 


65 kg 


lJ/kg 


5.4 x 10 rem 


83. The half life of the strontium isotope is 28.79 years. Use that with Eq. 41-7c to find the time for the 
activity to be reduced to 15% of its initial value. 


R = V 


1 . R 


R 


-> t = In— = — —In — = - 


(28.79y)ln(0.15) 


X ll 


In 2 R n 


In 2 


79 y 
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84. Source B is more dangerous than source A because of its higher energy. Since both sources have the 
same activity, they both emit the same number of gammas. Source B can deposit twice as much 
energy per gamma and therefore cause more biological damage. 


Source C is more dangerous than source B because the alphas have a quality factor up to 20 times 
larger than the gammas. Thus a number of alphas may have an effective dose up to 20 times higher 
than the effective dose of the same number of like-energy gammas. 


So from most dangerous to least dangerous, the ranking of the sources is C > B > A 


We might say that source B is twice as dangerous as source A, and source C is 20 times more 
dangerous than source B. 


85.| The whole-body dose can be converted into a number of decays, which would be the maximum 
number of nuclei that could be in the Tc sample. The quality factor of gammas is 1. 


50 mrem = 50 mrad 


(1.875 xl0 17 eV) 


(50 x 10 3 rad) 


f 1 J/kg A 
^ 100 rad j 


(60 kg) 


leV 


V 1.60 x 10 ~ 19 J ) 


= 1.875 x 10 7 eV 


'l effective y 

r 2y decays ' 

1 nucleus ^ 

V 140 x 10 3 eV ) 

v 1 effective y y 

v 1 y decay J 


: 2.679 x 10 nuclei 


This is the total number of decays that will occur. The activity for this number of nuclei can be 
calculated from Eq. 41 -7a. 


l n 2 ln2(2.67910 12 decays) 
R = AN = N= V ’ 


ICi 


(6h)(3600s/h) ^3.70x10'° decays/s 


2.32x10 Ci 


2mCi 


86 . The number of fj Co nuclei ( N m ) can be calculated from the activity and the half-life of (°Co. The 
number of ^Co nuclei can also be calculated from the cross section and the number of ^ Co nuclei 
( N 5g ) present in the paint. By combining these two calculations, we can find the number of ,’Co in 
the paint. We assume that, since the half life is relatively long, that all (°Co are made initially, 
without any of them decaying. 


dN„ 


dt 


In 2 

= AN m = N a 


N 60 ~ 


dN „ 


dt 


1/2 

In 2 


We assume the paint is thin and so use Eq. 42-3 for the cross section. Let R represent the rate at 
which 27 Co nuclei are made (i.e., the collision rate), and t the elapsed time of neutron bombardment. 
R 0 is the rate at which the neutrons hit the painting, and so is the given neutron flux times the area of 
the painting. 


^60 = Rt = R A°t = If 


( N \ 

59 

r volume of paint 2 

v volume of paint y 

v surface area of paint y 


at - 


R 0 N 59 at 

A 


(neutron flux ) AN 59 at 


A 


- (neutron flux ) N S9 at 




n 59 =- 


n 60 

dN 6 0 

T 

^ 1/2 

(neutron flux )crt 

dt 

In 2 (neutron flux ) at 
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- (55 decays/s) - 


(5.27; 

yr) 

(3.156x 10 7 s/yrj 

1 

(in 2) 

( 5.0xl0 12 ^ 
^ cm 2 *s j 

( 2 A 

io* cm 

l m J 

(l9xl0" 8 m 2 ) 

(300s) 


= 4.63 lx 10 17 atoms — > m 59 = (4.63 lxlO 17 atoms) 


58.933g 


6 . 022 x 10 atoms 


4.5 x 10~ 5 g 


87. Since all speeds are relativistic, we may use p = sflmK to relate momentum and kinetic energy. If 
we assume the target is at rest, then the total momentum of the products must equal the momentum 
of the bombarding particle. The total (kinetic) energy of the products comes from the kinetic energy 
of the bombarding particle and the (9-value of the reaction. 


P pr = P b -> 


= K=— K *=Q +K * 

m 



88 . ( a ) We assume a thin target, and use Eq. 42-3. 
R R 1 


cr : 


(1.6X10“ 5 )- 


lbn 


R 0 n(. R 0 ni v 7 (5.9x 10 28 nfr 3 )(4.0x 10~ 7 m) U0 

(. b ) We assume that the cross section is the area presented by the gold nucleus 

|4(6.8bn) ( 1 bn A 


•28 2 , 

m J 


6.8 bn 


<j — nr" = - 7 7td~ — > d-. 


n 


, n -28 2 

vlO my 


2.9x10 m 
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Responses to Questions 

[l] p + n— >p + p + 7t“. 

2. No. In the rest frame of the proton, this decay is energetically impossible, and so it is impossible in 
every other frame as well. In a frame in which the proton is moving very fast, the decay products 
must be moving very fast as well to conserve momentum. With this constraint, there will not be 
enough energy to make the decay possible. 

3. “Antiatoms” would be made up of antiprotons, antineutrons, and positrons. If antimatter came into 
contact with matter, the corresponding pairs of particles would annihilate, producing energy in the 
form of gamma rays and other particles. 

4. The photon signals the electromagnetic interaction. 

5. (a) Yes, if a neutrino is produced during a decay, the weak interaction is responsible. 

(b) No, for example, a weak interaction decay could produce a Z° instead of a neutrino. 

6. The neutron decay process also produces an electron and an antineutrino; these two particles only 
interact via the weak force. In addition, the strong force dominates at extremely small distances and 
at other distances the weak force dominates. 

fr] An electron takes part in electromagnetic, weak, and gravitational interactions. A neutrino takes part 
in weak and gravitational interactions. A proton takes part in all four interactions: strong, 
electromagnetic, weak, and gravitational. 

8. All of the gauge bosons, leptons, and mesons have baryon number equal to zero and there are no 
baryons produced in the decays, so baryon number is conserved for these groups. The chart below 
shows charge conservation for a few examples of decays in these groups. 


Particle name 

Decay 

Charge conservation check 

W 

W + -A<? + +V e 

+1 =+l +0 

muon 

M ~>e' + v e + v u 

-1 =-1 + 0 + 0 

tau 

->/i~ +V fl +V r 

-1 =-1 + 0 + 0 


-A e~ + v e + v T 

-1 =-1 + 0 + 0 

pion 

7t + -A// + 

+1 =+l +0 

eta 

77° -A 3tt° 

0=0+0+0 


t]° -A 7T + + n~ + 

0 = + 1-1 + 0 


The next chart shows charge conservation and baryon number conservation for a sample of the 
baryon decays shown in Table 43-2. 


Particle name 

Decay 

Charge conservation check 

Baryon number ( B ) 
conservation check 

neutron 

n -A p + e~ + v e 

0 = +1 -1 + 0 

+1 = +l + 0 + 0 
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sigma 

Z + -> p + 7T° 

+1 =+l +0 

+1 =+l +0 


E + — > n + 7i + 

+1=0 + 1 

+1 =+l +0 


9. Decays via the electromagnetic interaction are indicated by the production of photons. In Table 43-2, 
the decays of n", £°, and q° proceed via the electromagnetic interaction. 

10. All of the decays listed in Table 43-2 in which a neutrino or antineutrino is one of the decay products 
occur via the weak interaction. These include the W, muon, tau, pion, kaon, and neutron. In addition, 
the Z particle decays via the weak interaction. 

1 1 . The A baryon has a baryon number of one and is therefore made of three quarks. The u, c, and t 
quarks have a charge of +2/3 e each and the d, s, and b quarks have a charge of -1/3 e each. There is 
no way to combine three quarks for a total charge of -2e. 

12. As evidenced by their shorter lifetimes, the J/\|/ and Y particles decay via the electromagnetic 
interaction. 

13. Based on the lifetimes listed, all of the particles in Table 43-4, except the J/\p and the Y, decay via 
the weak interaction. 

14. Baryons are formed from three quarks or antiquarks, each of spin \ or — respectively. Any 

combination of quarks and antiquarks will yield a spin magnitude of either j or 4- Mesons are 

formed from two quarks or antiquarks. Any combination of two quarks or antiquarks will yield a 
spin magnitude of either 0 or 1 . 

15. The “neutrinolet” would not interact via the gravitational force (no mass), the strong force (no color 
charge), or the electromagnetic force (no electrical charge). In addition, it does not feel the weak 
force. However, it could possibly exist. The photon, for example, also has no rest mass, color charge, 
or electric charge and does not feel the weak force. 

16. (a) No. Leptons are fundamental particles with no known internal structure. Baryons are made up 

of three quarks. 

(. b ) Yes. All baryons are hadrons. 

(c) No. A meson is a quark-antiquark pair. 

(, d) No. Hadrons are made up of quarks and leptons are fundamental particles. 

17. No. A particle made up of two quarks would have a particular color. Three quarks or a quark- 
antiquark pair are necessary for the particle to be white or colorless. A combination of two quarks 
and two antiquarks is possible, as the resulting particle could be white or colorless. 

18. Inside the nucleus, a neutron will not decay because the dominant interaction is the strong interaction 
with the other nucleons. A free neutron will decay through the weak interaction. 

19. The reaction is not possible, because it does not conserve lepton number. L = 1 on the left-hand side 
of the reaction equation, and L = -1 on the right-hand side of the reaction equation. 

20. The reaction proceeds by the weak force. We know this because an electron anti-neutrino is 
produced in the reaction, which only happens in reactions governed by the weak interaction. 
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Solutions to Problems 


[l] The total energy is given by Eq. 36-1 la. 

E = m n c 2 +K = 0.938 GeV + 4.65GeV = 


5.59 GeV 


2. Because the energy of the electrons is much greater than their rest mass, we have K-E- pc. 

Combine that with Eq. 43-1 for the de Broglie wavelength. 

h he he (6.63 x 10~ 34 J*s)(3.00 x 10 8 m/s) r — 

E - pc ; p - — -> £ = — -> A = — = \ — , / =|4.4xl0 m 


A 


A 


(28 x 10 9 eV)(l.60 x 10~ 19 J/eV) 


3. The frequency is related to the magnetic field in Eq. 43-2. 

qB n 2/rm/_2/r(E67xl0- 27 kg)(3.1xl0 7 Hz) 


f- 


2nm 


-> B = - 


9 


1.60x10 C 


2.0T 


4. The time for one revolution is the period of revolution, which is the circumference of the orbit 
divided by the speed of the protons. Since the protons have very high energy, their speed is 
essentially the speed of light. 

2 nr 2/r(l.0xl0 3 m) 


T = 


3.0xl0 8 m/s 


2.1x10 s 


5. Use Eq. 43-2 to calculate the frequency. The alpha particle has a charge of +2e and a mass of 4 
times the proton mass. 

q B 2(i.60x10 _I9 c)(1.7T) 


f = 


2nm 2;r[4(l.67xl0 _27 kg)] 


1.3x10 Hz 


= 13 MHz 


q 2 B 2 R 2 , 2 

(a) The maximum kinetic energy is K = = \mv ~ . Compared to Example 43-2, the charge 

2m 

has been doubled and the mass has been multiplied by 4. These two effects cancel each other in 
the equation, and so the maximum kinetic energy is unchanged. The kinetic energy from that 
example was 8.653 MeV. 

K - |8.7MeV 


v = . 


V 


2 (8.653 MeV) (l .60 x 1 0~ 13 J/MeV) 


4(l.66 xl0~ 27 kg) 


= 2.042 xlO 7 m/s® 2.0xl0 7 m/s 


q 2 B 2 R 2 , 2 

( b ) The maximum kinetic energy is K = \mv~ . Compared to Example 43-2, the charge 

2m 

is unchanged and the mass has been multiplied by 2. Thus the kinetic energy will be half of what 
it was in Example 43-2 (8.653 MeV). 


K = 4.3 MeV 

] 

v= l?E = 1 

|2[|(8.653MeV)](l.60 x 10~ 13 J/MeV) 

V m ]j 

2(1.66 xl0~ 27 kg) 


= 2.042 xlO 7 m/s® 2.0xl0 7 m/s 
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The alpha and the deuteron have the same charge to mass ratio, and so move at the same speed. 

qB 

(c) The frequency is given by / = . Since the charge to mass ratio of both the alpha and the 

2 ran 

deuteron is half that of the proton, the frequency for the alpha and the deuteron will both be half 
the frequency found in Example 43-2 for the proton. 

/ = 13MHz 


[ 7 ] From Eq. 41-1, the diameter of a nucleon is about </ nucleon =2.4x10 15 m. The 25-MeV alpha particles 
and protons are not relativistic, so their momentum is given by p - mv - sj 2m K . The wavelength is 


given by Eq. 43-1, X - — - , 

p v 2m K 


X = 


h 


6.63x10 34 J«s 


V 2/ W KH ^2 (4) ( 1 .66 x 1 0 27 kg) (25 x 1 0 6 eV) ( 1 .6 x 1 0“ 19 j/eV) 


= 2.88x10 m 


X = 

P 


6.63x10 J*s 


We see that 


s] 2m P KE ^2 ( 1 .67 x 1 0 2 " kg) (25 x 1 0 6 cV ) ( 1 .6 x 1 0 "'J/cV) 
and 


= 5.75x10“ 


X ~ d , 

a nucleon 


X « 2d . 

p nucleon 


Thus the [alpha particle will be better! for picking out 


details in the nucleus. 


Because the energy of the protons is much greater than their rest mass, we have K-E - pc. 
Combine this with the expression (given above Example 43-2) relating the momentum and radius of 
curvature for a particle in a magnetic field. 

qBr E 

v - — > mv - qBr — > p - qBr — > — = qBr — > 

m c 


B = 


E (l.0xl0 12 eV)(l.60xl0“ 19 J/eV) 

qrc (l.60 x 10“ 19 C) (l.O xl0 3 m) (3.00 x10 s m/s) 


3.3T 


Because the energy of the protons is much greater than their rest mass, we have K-E = pc. A 

relationship for the magnetic field is given right before Eq. 43-2. 

qBr E 

v — > mv - qBr — > p = qBr — > — = qBr — > 

m c 


B = 


E (7.0xl0 15 eV)(l.60xl0“ 19 J/eV) 

qrc ~ (l. 60 x 10“ 19 C) (4.25 xl0 3 m) (3. 00x10 s m/s) 


5.5T 


10. (a) The magnetic field is found from the maximum kinetic energy as derived in Example 43-2. 

q 2 B 2 R 2 V 2mK 

K = - -> B = - -» 


B = 


2m 

qR 



^2(2.014) 

(l.66xl0“ 27 kg) 

(l2xl0 6 eV) 

(l.60xl0“ 19 J/eV) 


(l. 60 xl 0 ~ 19 c)(l. 0 m) 


) 


- = 0.7082 T* 

0.71T 
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(b) The cyclotron frequency is given by Eq. 43-2. 


/ = 


q B ( 1. 60 xl(T 19 C)( 0.7082 T) 
iTtm ~ 2;r(2.014)(l.66x lCT 27 kg) 


= 5.394x10 Hz 


5.4 MHz 


(c) The deuteron will be accelerated twice per revolution, and so will gain energy equal to twice its 
charge times the voltage on each revolution. 

12xl0 6 eV t i9 , \ 

-7 —7 — ( 1.60x1 (T 19 J/eV) 

2(l.60xl(T 19 C)(22xl0 3 v) V ' ’ 


number of revolutions = n — 


- 273 revolutions * 270 revolutions 


(d) The time is the number of revolutions divided by the frequency (which is revolutions per 
second). 

273 revolutions 


, n 
At - — = - 


/ 5.394x10 rev/s 


5.1 x 10 s 


■ 51//s 


( e ) If we use an average radius of half the radius of the cyclotron, then the distance traveled is the 
average circumference times the number of revolutions. 

distance = \2 Ttrn = ;r(l.0m)(273) = 860 m 


11 . 


Because the energy of the protons is much greater than their rest mass, we have K-E- pc. 
Combine that with Eq. 43-1 for the de Broglie wavelength. That is the minimum size that protons of 
that energy could resolve. 


E = pc ; /? = - 


E = hc 
A 


he 
A= — 
E 


(6.63x10 34 J-s)(3.0xl0 8 m/s) 

( 7.0 x 10 12 eV) (1.60x10 19 j/eV) 


1.8xl0~ 19 m 


12. If the speed of the protons is c, then the time for one revolution is found from uniform circular 
motion. The number of revolutions is the total time divided by the time for one revolution. The 
energy per revolution is the total energy gained divided by the number of revolutions. 

2nr „ 2nr 2 nr t ct 

v = — > T = n = — = 

T vc T 2 rcr 

AE (AE) 2/zt (l.0xl0 6 MeV-150xl0 3 MeV)2/z-(l.0xl0 3 m) 

Energy /revolution = = = — — — - — 

n ct (3.00x10 m/s)(20s) 

= 0.89MeV/rev « 


0.9MeV/rev 


13. 


Start with an expression from Section 42-1, relating the momentum and radius of curvature for a 
particle in a magnetic field, with q replaced by e. 
eBr 

v = — » mv = eBr — > p - eBr 

m 


In the relativistic limit, p = E/c and so — = eBr . To put the energy in electron volts, divide the 

c 


energy by the charge of the object. 
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14. The energy released is the difference in the mass energy between the products and the reactant. 


A E = m x 2 -me 2 -m „c 2 - 1 1 15.7MeV-939.6MeV-135.0MeV = 


41.1MeV 


15. The energy released is the difference in the mass energy between the products and the reactant. 


A E = m x-m e 2 -m c 2 = 139.6MeV-105.7MeV-0 = 


33.9 MeV 


16. Use Eq. 43-3 to estimate the range of the force based on the mass of the mediating particle. 
he . he (6.63 xl(T 34 J.s) (3.00 xlO 8 m/s) 


me 


— ^ d 


2nd 2nmc 2 2/r(497.7 xl0 6 eV)(l.60xl(T 19 J/eV) 

17. The energy required is the mass energy of the two particles. 


3.98x10 m 


E = 2m y = 2(939.6MeV) = 


1879.2 MeV 


18. The reaction is multi-step, and can be written as shown here: E° — » A°+;/ 

The energy released is the initial rest energy minus the | ^ + - 

final rest energy of the proton and pion, using Table 43-2. ^ K 

AE = (m o - m - m ) c 2 = 1 192.6 Mev - 938.3 MeV - 139.6 MeV = 

V I P it J 


114.7MeV 


19 


Because the two protons are heading towards each other with the same speed, the total momentum of 
the system is 0. The minimum kinetic energy for the collision would result in all three particles at 
rest, and so the minimum kinetic energy of the collision must be equal to the mass energy of the n . 
Each proton will have half of that kinetic energy. From Table 43-2, the mass of the n" is 
135.0 MeV/c 2 . 

2 K , — m 0 c 2 ~ 135.0 Me V -> K = 

proton jf proton 


67.5 MeV 


20 . 


Because the two neutrons are heading towards each other with the same speed, the total momentum 
of the system is 0. The minimum kinetic energy for the collision would result in all four particles at 
rest, and so the minimum kinetic energy of the collision must be equal to the mass energy of the 
K K pair. Each neutron will have half of that kinetic energy. From Table 43-2, the mass of each 


of the K + and the K is 493.7 MeV/c 2 . 


2 K , = 2 my 

neutron K 


K „ = my 

neutron K 


493.7 MeV 


21. We treat the neutrino as massless, but it still has momentum and energy. We use conservation of 
momentum and conservation of energy, along with Eqs. 36-11 and 36-13. 

( a ) To find the maximum kinetic energy of the positron, we assume that the pion has no kinetic 
energy, and so the magnitude of the momenta of the positron and the neutrino are the same. 

Pc=P* ’ 


m K c 2 - my 2 + E c +E v -> ( my - my -E e ) -E 2 , = p 2 v c = pic = E 2 - nf/ 


-> 


E = 


( tn K c 2 - my 2 ) + nfc ' 


2(my 2 -my 2 ) 


— K +m c — > 


e e 
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t 2 2 \ , 2 4 

\m K c - ms I +m e c 
2(m K c 2 -mc 2 ) 


(497.7MeV - 139.6 MeV) 2 + (0.5 1 1 MeV) 2 


-(0.511MeV) = 178.5 MeV 


2(497.7MeV-139.6MeV) 1 1 

(/;) To find the maximum kinetic energy of the pion, we assume that the positron has no kinetic 
energy, and so the magnitude of the momenta of the positron and the neutrino are the same. 
The result is found by just interchanging the pion and positron. 

I 2 2\ 2 , 2 4 

m.c -me +m c 

ts V k <= J * 2 


(497.7MeV - 0.5 llMeV) 2 +(l 39.6 MeV) 2 
2(497.7MeV-0.511MeV) 


-(l39.6MeV) = |l28.6MeV 


22. The energy of the two photons (assumed to be equal so that momentum is conserved) must be the 
combined rest mass energy of the proton and antiproton. 

, c he (6.63 x 1CT 34 J«s)(3.00 x 10 s m/s) r — i 

2m n c 2 = 2hf = 2h— -+ A = 7 = A 7 — \ = 1.32 x l(T 15 m 

A m 0 c 2 (938.3 x 10 eVj(l.60 x 10 9 j/eVJ 


23. (a) A 0 — » n + n Charge conservation is violated, since 0 + 0 - 1 

Strangeness is violated, since -1 + 0 + 0 
(. b ) A 0 —> p + Kf Energy conservation is violated, since 

1115.7MeV/c 2 < 938.3 MeV/c 2 +493.7 MeV/c 2 = 1432.0M eV/c 2 

(c) A 0 — > n +71 Baryon number conservation is violated, since 1 + 0 + 0 

Strangeness is violated, since -1 + 0 + 0 
Spin is violated, since 4 + 0 + 0 

24. ( a ) The 0-value is the mass energy of the reactants minus the mass energy of the products. 

Q = m^c - ( m / + mx 2 ) = 1 1 15.7 MeV -(938.3 MeV + 139.6 MeV) - |37.8MeV 
( b ) Energy conservation for the decay gives the following. 
m x 2 =E +E — » E — m „c 2 -E 

A 0 P n A° P 

Momentum conservation says that the magnitudes of the momenta of the two products are 
equal. Then convert that relationship to energy using E 2 = p 2 c 2 + m 2 c 4 , with energy 
conservation. 

Pv=P, (pA=(pA 

j-i2 24 j^2 2 4 / 2^\ 2 24 

h —me —t —m c = m 0 c - 1 —m c 

PP n 71 \ A P / 7T 

t-*2 2 4 / 2 4 0 ^ 2 t~.2 \ 24 

h -me = m ,c -It m {) c +t - m c — >• 

P P V A° P A 0 P / jf 

m 2 c 4 +«V - me 4 (lll5.7MeV) 2 +(938.3MeV) 2 -(l39.6MeV) 2 

E =-± ^ — = - — — = 943.7 MeV 

P 2m 0 c 2(lll5.7MeV) 
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E = m „c —E = 11 1 5.7 MeV- 943.7 MeV = 172.0 MeV 

K A” P 


K =E -m c =943.7 MeV -938.3 MeV = 

P P P 


5.4 MeV 


K . = E _-m _c =172.0 MeV -139.6 MeV = 


32.4 MeV 


£5 


(a) 


(b) 


We work in the rest frame of the isolated electron, so that it is initially at rest. Energy 
conservation gives the following. 

me 2 - K +m c 2 + E — > K — -E —> K — E — 0 

e e e y e y e y 

Since the photon has no energy, it does not exist, and so has not been emitted. 

For the photon exchange in Figure 43-8, the photon exists for such a short time that the 
uncertainty principle allows energy to not be conserved during the exchange. 


26. The total momentum of the electron and positron is 0, and so the total momentum of the two photons 
must be 0. Thus each photon has the same momentum, and so each photon also has the same energy. 
The total energy of the photons must be the total energy of the electron / positron pair. 


E , = E — > 2 ( m n c 2 + KE) = 2 hf = 2 h— — > 

e V pair Photons V 0 / J ^ 


he 1 

(6.63 x 10 34 J«s) 

(3.00 xlO 8 m/s) 

1 

m 0 c 2 + KE | 

(0.511xl0 6 eV + 420xl0 3 eV) 

(1.60x10 

-j/eV) 


1.335 xlCT l2 m 


1.3x10 12 m 


27. Since the pion decays from rest, the momentum before the decay is zero. Thus the momentum after 
the decay is also zero, and so the magnitudes of the momenta of the positron and the neutrino are 
equal. We also treat the neutrino as massless. Use energy and momentum conservation along with 
the relativistic relationship between energy and momentum. 

/7 V c 2 = £\ +E v ; p e _ = p v -y (/?V) = (pV) -+ E] -nf c 4 = E; 

.,2 24 ( 2 i \ - 2 4 , n 2, t-.2 ^ t-t 2 24 24 

E,-m,c —\m_c —E I = m c —2E t m t c +E t — > 2E t m _c =m t c + m c 

e e \ 7T e / n e n e e n n e 

2 2 2 2 
, m ,c . . m t c 

E,=\m_c ~+— — — > K,+mx~=\™X +— — — > 


2m 


2m 


2 2 

m _c 


K, = \m ,c -m ,c +— — = !(l39.6MeV) -0.511 MeV + 
e - - 2m, V 7 


(0.5 1 1 MeV/c 2 ) (0.5 1 1 MeV) 
2(l39.6M eV/c 2 ) 


69.3 MeV 


28. (a) For the reaction ji +p n + if , the conservation laws arc as follows. 


Charge: -1 + 1 = 0 + 0 
Baryon number: 0 + 1 = 1 + 0 
Lepton number: 0 + 0 = 0 + 0 
Strangeness: 0 + 0 = 0 + 0 


Charge is conserved. 

Baryon number is conserved. 
Lepton number is conserved. 
Strangeness is conserved. 


The reaction is possible. 


( b ) For the reaction n' +p — > n + /V , the conservation laws are as follows. 
Charge: 1 + 1 * 0 + 0 Charge is N OT conserved. 


The reaction is forbidden, because charge is not conserved. 
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(c) For the reaction n* + p — > p + e + , the conservation laws are as follows. 

Charge: 1 + 1 = 1 + 1 Charge is conserved. 

Baryon number: 0 + 1 = 1 + 0 Baryon number is conserved. 

Lepton number: 0 + 0 + 0 + 1 Lepton number is NOT conserved. 

The reaction is forbidden, because lepton number is not conserved. 

(d) For the reaction p — > e + + v e , the conservation laws are as follows. 

Charge: 1 = 1 + 0 Charge is conserved. 

Baryon number: 1 + 0 + 0 Baryon number NOT conserved. 

Mass energy is fine, because m p > m e + m v . 

The reaction is forbidden, because baryon number is not conserved. 

(■ e ) For the reaction // — > e + + v , the conservation laws are as follows. 

Charge: 1 = 1 + 0 Charge is conserved. 

Baryon number: 0 = 0 + 0 Baryon number is conserved. 

Electron lepton number: 0 + -1 + 0 Lepton number is NOT conserved. 
Mass energy is fine, because m n > m e + m v . 

The reaction is forbidden, because lepton number is not conserved. 

(f) For the reaction p — > n + e + + v e , the conservation laws are as follows. 

Mass energy: 938.3MeV/c 2 < 939.6M eV/c 2 +0.511MeV/c 2 
Mass energy is NOT conserved. 

The reaction is forbidden, because energy is not conserved. 


29. Since the S decays from rest, the momentum before the decay is zero. Thus the momentum after 
the decay is also zero, and so the momenta of the A 0 and if are equal in magnitude. Use energy 
and momentum conservation along with the relativistic relationship between energy and momentum. 

m c 2 - E „ +E — > E -m c -E „ 

E A n n E A 

Pk>=P, (pA={pA 

r-<2 2 4 t~t2 2 4 / 2 \ 2 24 

h „-m „c =E -m c -\m c -h 0 -m c 

\° A 0 n k V 3“ A" / k 

t~<2 2 4 / 2 4 T r. 2 , T-.2 \ 24 

h „ - m „c -\m c -It „m c + h 0 )-m c — » 

A 0 A 0 V 3~ A° 3“ A 0 / n 

^ _ m:_c 4 +m\ t c* - mV _ (l321.3MeV) 2 +(lll5.7MeV) 2 -(l39.6MeV) 2 _ 3Mey 
A ° _ 2m^c ~ 2(1321. 3MeV) 

E = 7 n c 2 -E 0 - 1321.3MeV-1124.3MeV = 197.0MeV 

n S A 

K „ =E „ -m 0 c 2 = 1124.3 MeV- 1115.7 MeV 

A° A° A° 

K _ - E _ - m _c =197.0 MeV -139.6 MeV = I 

n n n \ 

30. p + p ^p + p: This reaction will not happen because charge is not conserved (2 + 0) , 

and baryon number is not conserved (2 + 0) . 


= 8.6 MeV 


57.4 MeV 
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p + p -> p + p + p : 

p + p -> p + p + p + p: 
p + p — > p + e + + e + + p : 


This reaction will not happen because charge is not conserved (2^1), 
and baryon number is not conserved (2 ^ l) . 

This reaction is possible. All conservation laws are satisfied. 

This reaction will not happen. Baryon number is not conserved 
(2^0), and lepton number is not conserved (0 ^ -2) . 


31 


The two neutrinos must move together, in the opposite direction of the electron, in order for the 
electron to have the maximum kinetic energy, and thus the total momentum of the neutrinos will be 
equal in magnitude to the momentum of the electron. Since a neutrino is (essentially) massless, we 
have E v — p v c. We assume that the muon is at rest when it decays. Use conservation of energy and 
momentum, along with their relativistic relationship. 


P c =P Vc + 1\ 


m l _c 2 = E + E- + E v = £7 + p v c + p v c = £7 + ( + p v j c = £ + p _c — > 
m c 2 - E -pc — > (m c 1 - E \ -( p c\ - 

M e e \ n e / V e / 


t-»2 2 4 

= t -m c —> 


m 2 _c 4 - 2m c 1 E _ + E\ - E\ - m 2 _c‘ l —> E _ = A 


2 4, 24 

m _c + m _c 


2m c 


■ = K _ + m c — » 


K 


m c +m c 

M e 

2m c 

r 


- m _c - 


(l05.7MeV) 2 +(0.511MeV) : 
2(l05.7MeV) 


-(0.511MeV) = 


52.3 MeV 


32. A 7t + could NOT be produced by p + p — » p + n + ^ + . The pion has a mass energy of 139.6 MeV, 
and so the extra 1 00 MeV of energy could not create it. The (9-value for the reaction is 
Q = 2m c 2 -(2 m p c 2 +m c 2 j = -139.6MeV , and so more than 139.6 MeV of kinetic energy is 

needed. The minimum initial kinetic energy would produce the particles all moving together at the 
same speed, having the same total momentum as the incoming proton. We consider the products to 
be one mass M — m p +m n +m , since they all move together with the velocity. We use energy and 

momentum conservation, along with their relativistic relationship, E 2 — p 2 c 2 + nyc . 


E p + m p c 2 = E m 
E 2 -m 2 c 4 =(E 

P P \p 


; p p = Pm -> (pp c Y = (pm c T -> K ~ m l c ' 4 = E h 

-\ 2 1/2 4 r 2 , 2 , 2 4 ,,2 4 

+ m c -Me = E +2 E m c +m c -Me — > 

p / p p p p 


-mV 


E =- 

p 


MV-2mV 


2m c 

p 


= K +m c 

p p 


mV - 2m V 

K = v rn c = 

P 2 p 

zm c 

p 


mV 2 

7 “ 2m p c 

2m c 

p 


(938.3 MeV + 939.6 MeV + 139.6 MeV) , , 

= ^ — 2 938.3 MeV) = 
2 (938.3 MeV) 


292.4 MeV 
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33. We use the uncertainty principle to estimate the uncertainty in rest energy. 
h (6.63xl(T 34 J-s) 


A E 


2/zA t 2n[l x 10 20 s) (l .60 x 1(T 16 J/eV) 


= 9420 cV ; 


9keV 


34. We estimate the lifetime from the energy width and the uncertainty principle. 


A E> 


h 


2/zAt 


— y A t : 


h 


6.63x10 J*s 


2 tAE 


2^-(300xl0 3 eV) 


/ T. 60 xl 0 " 19 U 


2x10 21 s 


leV 


Apply the uncertainty principle, which says that A E ■■ 


2nAt 


A E- 


2 rtAt 


— y A t '' 


6.63xl(T 34 J*s 


2 tAE 


2^-(88xl0 3 eV) 


/ 'l.60xl0" 19 U 

leV 


7.5x10 s 


36. ( a ) For B = b u , we have 
Charge: 


3 3 


Baryon number: 0 = j - y 

0-0 + 0 
0 = 0 + 0 


Charm: 

Topness: 

( b ) Because B + is the antiparticle of B~ 


Spin: 

Strangeness: 

Bottomness: 


0- 1 - 1 

2 2 

0 = 0 + 0 
— 1 = — 1 + 0 


B + = b u 


. The B° still must have a bottom quark, but 


must be neutral. Therefore 


B° = bd 


. Because B u is the antiparticle to B° , we must have 


B° = bd . 


|37.| We find the energy width from the lifetime in Table 42-2 and the uncertainty principle. 

h 


( a ) At = 10 _1 s A E i 


(. b ) At = 1 0 23 s A E * 


6.63 x 10 J*s 


2 nAt 2^r(l0 l8 s) (l.60 x 10 -19 J/eV) 


: 659 cV = 


700 eV 


6.63 x 10 J*s 


2kA t 2tt ( lO 23 s) (l .60 x 10 _19 j/eV) 


= 6.59xlO'eV ; 


70MeV 


38. (a) Charge: (0) = (+l) + (-l) Charge is conserved. 

Baryon number: (+l) = (+l) + (0) Baryon number is conserved. 

Lepton number: (0) = (0) + (0) Lepton number is conserved. 

Strangeness: (-2) + (-l) + (0) Strangeness is NOT conserved. 

Energy: 1314.9Mev/c 2 > 1 189.4Mev/c 2 + 139.6Mev/c 2 = 1329Mev/c 2 

Energy is NOT conserved. 


The decay is not possible, because energy is not conserved. 
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( b ) Charge: 

Baryon number: 
Lepton number: 
Strangeness: 


(-l) = (0) + (-l) + (0) 
( + l) = ( + l) + (0) + (0) 

(o) = (o)+(o)+(i) 

(-3)^(-l) + (0) + (0) 


Charge is conserved. 

Baryon number is conserved. 
Lepton number is NOT conserved. 
Strangeness is NOT conserved. 


Energy: 1672.5 Mev/c 2 > 1192.6 Mev/c 2 +139.6Mev/c 2 + OMev/c 2 = 1332.2Mev/c 2 

Energy is conserved. 


The decay is not possible, because lepton number is not conserved. 


(c) Charge: 

Baryon number: 
Lepton number: 
Strangeness: 


(o) = (o)+(o)+(o) 
(o)-(o)+(o)+(o) 
(o) = (o)+(o)+(o) 
(-l) = (-l) + (0) + (0) 


Charge is conserved. 

Baryon number is conserved. 
Lepton number is conserved. 
Strangeness is conserved. 


Energy: 11 92.6 Mev/c 2 > 1 1 15.7 Mev/c 2 + OMev/c 2 + OMev/c 2 = 1 1 15.7 Mev/c 2 

Energy is conserved. 


The decay is possible. 


39. (a) The E° has a strangeness of -2, and so must contain two strange quarks. In order to make a 
neutral particle, the third quark must be an up quark. So 


,0 


n =USS 


( b ) The E has a strangeness of -2, and so must contain two strange quarks. In order to make a 
particle with a total charge of -1 , the third quark must be a down quark. So E ~ = d s s 


40. ( a ) The neutron has a baryon number of 1, so there must be three quarks. The charge must be 0, as 
must be the strangeness, the charm, the bottomness, and the topness. Thus 


n = u d d 


( b ) The antineutron is the anti particle of the neutron, and so 


77 = u d d 


(c) The A 0 has a strangeness of - 1 , so it must contain an “s” quark. It is a baryon, so it 

must contain three quarks. And it must have charge, charm, bottomness, and topness equal to 0. 


Thus 


A =uds 


( d) The Z° has a strangeness of +1, so it must contain an s quark. It is a baryon, so it must 

contain three quarks. And it must have charge, charm, bottomness, and topness equal to 0. Thus 


S° = u d s 


41. (a) The combination u u d has charge = +1, baryon number = +1, and strangeness, charm, 


bottomness, and topness all equal to 0. Thus u u d = p 


( b ) The combination uu s has charge = -1, baryon number = -1, strangeness = +1, and 
charm, bottomness, and topness all equal to 0. Thus uus = T 


(c) The combination us has charge = -1, baryon number = 0, strangeness = -1, and charm, 
bottomness, and topness all equal to 0. Thus u s = K 
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id) 

(e) 


The combination d u has charge = -1, baryon number = 0, and strangeness, charm, 
bottomness, and topness all equal to 0. Thus d u = iz~ 


The combination c s has charge = -1, baryon number = 0, strangeness = -1, charm = -1, and 
bottomness and topness of 0. Thus ~c s = D~ 


42. To form the if meson, we must have a total charge of 0, a baryon number of 0, a strangeness of 0, 
and a charm of +1. We assume that there is no topness or bottomness. To get the charm, we must 
have a “c” quark, with a charge of + fe . To have a neutral meson, there must be another quark with 


a charge of -fe . To have a baryon number of 0, that second quark must be an antiquark. The only 
candidate with those properties is an anti-up quark. Thus D° - cu 


43. 


To form the D + s meson, we must have a total charge of +1, a baryon number of 0, a strangeness of 
+1, and a charm of +1. We assume that there is no topness or bottomness. To get the charm, we 
must have a “c” quark, with a charge of +je. To have a total charge of +1, there must be another 

quark with a charge of + je . To have a baryon number of 0, that second quark must be an 


antiquark. To have a strangeness of +1, the other quark must be an anti-strange. Thus 



44. Here is a Feynman diagram for the reaction n +p — > n' + n. 



45. Since leptons are involved, the reaction n + v ^ — » p + // is a weak 

interaction. Since there is a charge change in the lepton, a W boson must 
be involved in the interaction. If we consider the neutron as having 
emitted the boson, then it is a W , which interacts with the neutrino. If 
we consider the neutrino as having emitted the boson, then it is a W + , 
which interacts with the neutron. 


P 



46. To find the length in the lab, we need to know the speed of the particle which is moving 
relativistically. Start with Eq. 36-10a. 


K = m a c~ 


f 

v 



1 


— 

1 

— > V — c 

u 

i-v C J 

1 


1 — 


1 


-c 


K 


+ 1 


1 — 


1 


950 MeV 

+ 1 

1777 MeV J 


= 0.7585c 
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^lab r 

V 1 


A L 


2/2 

-v c 


2.91x10 3 s „ _ ,3 

= 4.465 x 1 (T 13 s 


l-(0.7585) 2 


Ax lab = vA/ lab = (0.7585) (3.00 xlO 8 m/s) (4.465 xlO _13 s) = [L02xl0^ 


m 


47. (a) At an energy of 1 .0 TeV, the protons are moving at practically the speed of light. From uniform 
circular motion we find the time for the protons to complete one revolution of the ring. Then 
the total charge that passes any point in the ring during that time is the charge of the entire 
group of stored protons. The current is then the total charge divided by the period. 


v = - 


2nR 

T 


-> T = 


2 kR 2 kR 


Ne Nec (5.0xl0 l3 protons)(l.60xl0 19 C/proton) (3.0x1 0 s m/s) 
T 2nR 2/r(l.0xl0 3 m) 

( b ) The 1.0 TeV is equal to the kinetic energy of the proton beam. 

K - K -> K h =hnv 2 -> 

beam car beam 2 


0.38 A 


2K U 


21 

[l.O x 10 12 eV/proton) 

(5.0 x 1 O' 1 protons j 

(l.60xl(T 19 j/eV) 


m 


1500 kg 


= 103 m/s 


1.0 x 10 2 m/s 


48. 


By assuming that the kinetic energy is approximately 0, the total energy released is the rest mass 
energy of the annihilating pair of particles. 


(a) E toUi - 2m 0 c 2 - 2(0.51 IMeV) = 

(b) £ total = 2m 0 c 2 = 2(938.3MeV) = 


1.022 MeV 


1876. 6MeV 


49 


These protons will be moving at essentially the speed of light for the entire time of acceleration. The 
number of revolutions is the total gain in energy divided by the energy gain per revolution. Then the 
distance is the number of revolutions times the circumference of the ring, and the time is the distance 
of travel divided by the speed of the protons. 

A E (l.0xl0 12 eV-150xl0 9 eV) 

N = = = 3.4 x 10 5 rev 

A£/rev 2.5xl0 6 eV/rev 


d -N{2 kR) = (3.4xl0 5 )2/r(l.0xl0 3 m) = 2.136xl0 9 m ; 


2.1xl0‘’m 


d _ 2.136xl0 9 m 
c 3.00xl0 8 m/s 


7.1s 


50. (a) For the reaction n +p — > K° +p + ^° , the conservation laws are as follows. 

Charge: -l + 1^0 + l + 0 Charge is NOT conserved. 

The reaction is not possible, because charge is not conserved. 

Also we note that the reactants would have to have significant kinetic energy to be able to 
“create” the K°. 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

624 











Chapter 43 


Elementary’ Particles 


(b) 


For the reaction KT + p — > A° + n" 
Charge: -1 + 1 = 0 + 0 
Spin: 0 + -j = | + 0 
Baryon number: 0 + 1 = 1 + 0 
Lepton number: 0 + 0 = 0 + 0 
Strangeness: -1 + 0 = -1 + 0 


the conservation laws are as follows. 
Charge is conserved. 

Spin is conserved. 

Baryon number is conserved. 
Lepton number is conserved. 
Strangeness is conserved. 


The reaction is possible, via the strong interaction. 


(c) 


For the reaction K + + n — > I + + /r° + y , the conservation laws are as follows. 
Charge: l + 0 = l + 0 + 0 Charge is conserved. 

Spin: 0 + y = — +- + 0 + 1 Spin is conserved. 

Baryon number: 0 + l = l + 0 + 0 Baryon number is conserved. 

Lepton number: 0 + 0 = 0 + 0 + 0 Lepton number is conserved. 
Strangeness: 1 + 0 + -1 + 0 + 0 Strangeness is NOT conserved. 


The reaction is not possible via the strong interaction because strangeness is not 
conserved. It is possible via the weak interaction. 


(d) For the reaction K + — » n + n" + n * , the conservation laws are as follows. 


Charge: 1 = 0 + 0 + 1 
Spin: 0 = 0 + 0 + 0 
Baryon number: 0 = 0 + 0 + 0 
Lepton number: 0 = 0 + 0 + 0 
Strangeness: 1 + 0 + 0 + 0 


Charge is conserved. 

Spin is conserved. 

Baryon number is conserved. 
Lepton number is conserved. 
Strangeness is NOT conserved. 


The reaction is not possible via the strong interaction because strangeness is not 
conserved. It is possible via the weak interaction. 


(e) 


For the reaction /r + —> e + + v 

e - 

Charge: 1 = 1 + 0 
Spin: 0 = ~Y + y 
Baryon number: 0 = 0 + 0 
Lepton number: 0 = -1 + 1 
Strangeness: 0 + 0 = 0 + 0 + 0 


the conservation laws are as follows. 
Charge is conserved. 

Spin is conserved. 

Baryon number is conserved. 
Lepton number is conserved. 
Strangeness is conserved. 


The reaction is possible, via the weak interaction. 


51. (a) For the reaction n +p — » K + X , the conservation laws are as follows. 
Charge: — 1 + 1 = 1 — 1 Charge is conserved. 

Baryon number: 0 + 1 = 0 + 1 Baryon number is conserved. 

Lepton number: 0 + 0 = 0 + 0 Lepton number is conserved. 

Strangeness: 0 + 0 = 1-1 Strangeness is conserved. 


The reaction is possible, via the strong interaction. 


(b) 


For the reaction 7t + + p —> K + +X + 
Charge: 1 + 1 = 1 + 1 
Baryon number: 0 + 1 = 0 + 1 
Lepton number: 0 + 0 = 0 + 0 
Strangeness: 0 + 0 = 1-1 


the conservation laws are as follows. 
Charge is conserved. 

Baryon number is conserved. 
Lepton number is conserved. 
Strangeness is conserved. 


The reaction is possible, via the strong interaction. 
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(c) For the reaction n + p — > A 0 +K° + /r°, the conservation laws are as follows. 

Charge: -1+1 = 0 + 0 + 0 Charge is conserved. 

Baryon number: 0 + l = l + 0 + 0 Baryon number is conserved. 

Lepton number: 0 + 0 = 0 + 0 + 0 Lepton number is conserved. 

Strangeness: 0 + 0 = -1 + 1 + 0 Strangeness is conserved. 

The reaction is possible, via the strong interaction. 

(, d) For the reaction n* + p — > L° + n" , the conservation laws are as follows. 

Charge: 1+1 + 0 + 0 Charge is NOT conserved. 

The reaction is not possible, because charge is not conserved. 

(e) For the reaction if + p — > p + e~ + v e , the conservation laws are as follows. 

Charge: — 1 +1 = 1—1 + 0 Charge is conserved. 

Baryon number: 0 + l = l + 0 + 0 Baryon number is conserved. 

Lepton number: 0 + 0 = 0 + l — 1 Lepton number is conserved. 

Strangeness: 0 + 0 = 0 + 0 + 0 Strangeness is conserved. 

The reaction is possible, via the weak interaction. 

Note that we did not check mass conservation, because in a collision, there is always some kinetic 
energy brought into the reaction. Thus the products can be heavier than the reactants. 


52. 


The it is the anti-particle of the it * , so the reaction is 


TC — > U. +V . 


as follows. 

Charge: -1 = -1 + 0 
Baryon number: 0 = 0 + 0 
Lepton number: 0 = 1-1 
Strangeness: 0 = 0 + 0 
Spin: 0 = j- j 


Charge is conserved. 

Baryon number is conserved. 
Lepton number is conserved. 
Strangeness is conserved. 
Spin is conserved 


The conservation rules are 


53. Use Eq. 43-3 to estimate the mass of the particle based on the given distance. 


me 


he (6.63xl0~ 34 J-s)(3.0xl0 8 m/s)| 


1 


2 ltd 


2/r(l0 18 m) 


1.60x10 J/eV 


= 1.98x10 eV i 


200 GeV 


This value is of the same order of magnitude as the mass of the W + 


54. The 0-value is the mass energy of the reactants minus the mass energy of the products. 
For the first reaction, p + p — > p + p + /r°: 

O = 2m c 2 - ( 2m c~ + m a c~ I = —m = 

P \ P n / n 

For the second reaction, p + p — > p + n + /r + : 

Q = 2m c 2 - ( m c + m c 2 + m c ) = m c — m c — m fa 

P V P n n l P 11 n 


-135.0 MeV 


= 938.3 MeV- 939.6 MeV- 139.6 MeV= 


-140.9 MeV 
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55 


The fundamental fermions are the quarks and electrons. In a water molecule there are 2 hydrogen 
atoms consisting of one electron and one proton each, and 1 oxygen atom, consisting of 8 electrons, 
8 protons, and 8 neutrons. Thus there are 18 nucleons, consisting of 3 quarks each, and 10 


electrons. The total number of fermions is thus 18x3 + 10=64 fermions 


56. We assume that the interaction happens essentially at rest, so that there is no initial kinetic energy or 
momentum. Thus the momentum of the neutron and the momentum of the n" will have the same 
magnitude. From energy conservation we find the total energy of the n' . 
m _c +m c 2 - E „ +m c + K — > 

n P K n n 

Ej =mx 2 +mc 2 -(m/+K n ) = 1 39.6 MeV + 938.3 MeV- (939.6 MeV + 0.60 MeV) 

= 137.7 MeV 


From momentum conservation, we can find the mass energy of the 7i u . We utilize Eq. 36-13 to 
relate momentum and energy. 

. t \ 2 l \ 2 „ r-.2 2 4 t-< 2 2 4 . 2 4 r.2 /-.2 , 2 4 . 

p - p „ — » (pc) = p.c — > h -me = h „ -m „c —> m „c - h . -h +m c — » 

V <s \l-VL ) \r n * J n n 0 o » / n n 


m 


0 c 2 =^El„ -El+nfc =[(l37.7MeV) 2 -( 939.6 MeV + 0.60 MeV) 2 +(939.6MeV) 2 


= 133.5 MeV -> m „ = 


133.5 MeV/c 


The value from Table 43-2 is 135.0MeV. 


57. (a) First we use the uncertainty principle, Eq. 38-1. The energy is so high that we assume E - pc, 
A E 

and so A p . 

c 

h A E h 

AxAp « — — > Ax « — — > 

2 n c 2 n 


A E 


2 7i Ax 


(6.63 x 10~ 34 J«s) 

(3.00 xlO 8 m/s) (lGeV/l0 9 eV) 

27r| 

(l0~ 32 m) 

1 1 

(l .60 x 10~ 19 J/eV) 


2 x 10 GeV 


Next, we use de Broglie’s wavelength formula. We take the de Broglie wavelength as the 
unification distance. 

„ h h 
T = — = — -> 
p Ec 


he 1 

(6.63 x 10 34 

J«s) 

(3.00 x10 s m/s) (lGeV/l0 9 eV) 

A 1 

(1° 

52 ^ 

m) 

1 1 

( 1 .60 x 10~ 19 J/eV) 


1 x 10 GeV 


Both energies are reasonably close to 10 16 GeV . This energy is the amount that could be 
violated in conservation of energy if the universe were the size of the unification distance. 
(. b ) From Eq. 1 8-4, we have E = ^kT . 


2 E 2| 

(10 25 

eV) 

(l.6xlO~ 19 J/eV) 

3 k ~ 

31 

(l.38 x 10 23 J/K) 

1 


= 7.7x10 K: 


10 29 K 
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58. The 0-value is the mass energy of the reactants minus the mass energy of the products. 

Q = m x 2 +mc 2 -(m A „c 2 + 7«. 0 c 2 ) = 139.6MeV + 938.3MeV-(lll5.7MeV + 497.7MeV) 


-535.5 MeV 


We consider the products to be one mass M - m ^ + m^„ - 1613.4MeV/c 2 since they both have the 
same velocity. Energy conservation gives the following: E _ + m p c 2 - E M . Momentum 
conservation says that the incoming momentum is equal to the outgoing momentum. Then convert 
that relationship to energy using the relativistic relationship that E 2 - p 2 c + n fc. 


P„-=Pu -> 

7^2 2 4 

h —m c — 


[p K c) 2 = (p u cf -» E]_-ml_c =E 2 m -M 2 c -> 

(E + m c 2 ) 2 - M 2 c = E 2 +2E m c + m 2 c - M 2 c -> 

V n P / k n P P 


E 

n 

K _ 


1 r2 4 2 4 2 4 

M c —m c —m c 

a— P — = K + m c 

2m c 

P 

.,2 4 2 4 2 4 

M c —m c —m c 

n P 2 

; m c 

2m c n 

P 

_ (1613.4 MeV) 2 -(l39.6MeV) 2 -(938.3MeV) 2 
2 (938.3 MeV ) 


(l39.6MeV) = 


768.0 MeV 


59. Since there is no initial momentum, the final momentum must add to zero. Thus each of the pions 
must have the same magnitude of momentum, and therefore the same kinetic energy. Use energy 
conservation to find the kinetic energy of each pion. 

2mc=2K +2 me 2 -» K - m c 2 -me 2 - 938.3 MeV - 139.6 MeV = 

p n n n p n 


798.7 MeV 


60. The 0-value is the energy of the reactants minus the energy of the products. We assume that one of 
the initial protons is at rest, and that all four final particles have the same velocity and therefore the 
same kinetic energy, since they all have the same mass. We consider the products to be one mass 
M — 4m p since they all have the same velocity. 

0 = 2m c 2 -4m c 2 = 2m c 2 - Me 2 = —2m c 2 
Energy conservation gives the following, where K th is the threshold energy. 

(K th + m / ) + m / = E M - K M + Me 2 

Momentum conservation says that the incoming momentum is equal to the outgoing momentum. 
Then convert that relationship to energy using the relativistic relationship that E 2 = p 2 c 2 + m 2 c 4 . 


P p =Pu 


-> 


(p ? c )~ = ( pm c ) 2 -> Kh + = ( k m + y - 

K l + 2K t d n / + w 2 c 4 - m;c = K 2 h + 4K th m/ + 4nfc - (4m p f c 4 


—> 




2K.m c 2 = 4 K,m c 2 + 4»7 2 c 4 - 1 6/rrc 4 — > 2K m c = 12m 2 c 4 

th p th p p p th p p 


K t h = =2> Q 
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61. 


The total energy is the sum of the kinetic energy and the mass energy. The wavelength is found 
from the relativistic momentum. 


E = K + mc =15 xl0 9 eV + 938 xl0 6 eV = 1.594 xlO‘°eV* 


16GeV 


h h he 

P ■Je 2 -( me 2 ) ^E 2 -(me 2 ) 


c 



(6.63x10~ 34 J-s) 

(3.00 xlO 8 m/s) 

1 

4 

(1.594 xl0‘°eV) 

2 

-1 

(938xl0 6 eV 

) 3 ' 

(l.60xl0~ 19 J/eV) 


62. We use to represent the actual wavelength, and A to define the approximate wavelength. The 

approximation is to ignore the rest mass in the expression for the total energy, E - K + me 2 . We also 
use Eqs. 36-10, 36-11, 36-13, and 43-1. 


V =E 2 -{me 2 } =^K + mc 2 ^ -( me 2 ) =K 2 


1 + 2 - 


mc 


2 A 


K 


e = h -- 


he 


f 


K 


l + : 


2 me 


K 


he 

K 


2 y/T > > T-1.0U 0 ->• 


— = 1.01 

K 


V ' v 
he 


-> K = - 


2 me 2 _2(9.38xl0 8 eV) 


K\ l + : 


2mc~ 

K 


(l.Ol) 2 -1 0.0201 


= 9.333 xlOeW 


9.3x10 eV 


he (6.63xl0 _34 J-s)(3.00xl0 8 m/s) 

~ K _ (9.333xlO lo eV)(l.60xlO^J/eV) 


= 1.332x10 m ; 


1.3x10 7 m 


K = 


.a/i 


-1 


2/2 

-v c 


mc~ — > 


r 

f K > 

rr 

i- 

2 1 1 

= c 1- 

i 

ymc 9 



9.333xl0 10 eV A 


9.38x10 s eV 


- + 1 


0.99995c 


63. 


As mentioned in Example 43-9, the /r° can be considered as either uu or d d. There are various 
models to describe this reaction. Four are shown here. 

71 7T° 7 73 7 T~ 7T U 7T U 7 T~ 
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64. 


(a) 


0 b ) 


To conserve charge, the missing particle must be neutral. To conserve baryon number, the 
missing particle must be a meson. To conserve strangeness, charm, topness, and bottomness, 
the missing particle must be made of up and down quarks and antiquarks only. With all this 


information, the missing particle is 



This is a weak interaction since one product is a lepton. To conserve charge, the missing 
particle must be neutral. To conserve the muon lepton number, the missing particle must be an 


antiparticle in the muon family. With this information, the missing particle is 



65. 


A relationship between total energy and speed is given by Eq. 36-1 lb. 



-» 


V 

1 

^ me 2 ^ 

2 

1 

f 9.38xl0 8 eV^ 

c ]j 


l E J 



^ 7.0xl0 12 eV J 


1 Y 9.38xl0 8 ev V 
Y 7.0xl0 12 eV y 


l-9.0xl0 9 


66 . 


We write equations for both conservation of energy and conservation of momentum. The 
magnitudes of the momenta of the products are equal. We also use Eqs. 36-11 and 36-13. 


P t =P 2 ’ E o = m ° 2 = E i + E 2 

t 2 rX 2 t-i2 22, 24 22, 24 

I me -E,l — E-, — P-,c +m 2 c = p x c +m 2 c 


j-,2 2 4, 2 4 

= —m x c +m 2 c 


—> 


24 ~ 2 j-,2 t-,2 24, 24 

me — 2mcE,+E, =t, —m,c +m^c 


— > 


E < = 


2 4, 2 4 2 4 

m c +m x c -m 2 c 


2 me" 


24,24 24 24,24 2 4 ~ 2 2 

_ , me +m.c -m 2 c 2 me +m.c -m^c -2mc m.c 

K - E - m e = — r m e = 1 — 

/-n 2. 1 2 

Imc Imc 



me 2 - m x c “ 

2 24 
-m 2 c 

2 me 2 


67. The value of R 0 is not known until we draw the graph. We note the following: 


R = R 0 e 


R/R 0 = e " T 

A graph of In R vs. t should give a 
straight line with a slope of -1 / r 
and a v- intercept of In R 0 . The 
determination of the mean life does 
not depend on R 0 , and so to find 

the mean life, we may simply plot 
In R vs. t. That graph is shown, 
along with the slope and y- 
intercept. The spreadsheet used for 
this problem can be found on the 
Media Manager, with filename 
“PSE4 ISM CH43.XLS,” on tab “Problem 43.67.” 


lni?-lni? 0 =-tjr — > In R = - t/z + In R 0 



t (ps) 


1 


T = ■ 


0.4413 


= 2.266 /js « 2.3 jus 


% diff = 


2.266-2.197 

2.197 


x 100 = 3.1% 
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Responses to Questions 

[l] The Milky Way appears “murky” or “milky” to the naked eye, and so before telescopes were used it 
was thought to be cloud-like. When viewed with a telescope, much of the “murkiness” is resolved 
into stars and star clusters, so we no longer consider the Milky Way to be milky. 

2. If a star generates more energy in its interior than it radiates away, its temperature will increase. 
Consequently, there will be greater outward pressure opposing the gravitational force directed 
inward. To regain equilibrium, the star will expand. If a star generates less energy than it radiates 
away, then its temperature will decrease. There will be a smaller outward pressure opposing the 
gravitational force directed inward, and, in order to regain equilibrium, the star will contract. 

3. Red giants are extremely large stars with relatively cool surface temperatures, resulting in their 
reddish colors. These stars are very luminous because they are so large. When the Sun becomes a 
red giant, for instance, its radius will be on the order of the distance from the Earth to the Sun. A red 
giant has run out of hydrogen in its inner core and is fusing hydrogen to helium in a shell 
surrounding the core. Red giants have left their main sequence positions on the H-R diagram and 
moved up (more luminous) and to the right (cooler). 

4. A star moving along arrow #1 would increase in luminosity 

while maintaining the same surface temperature. It would 
therefore also have to increase in size, since each square 
meter of its surface would have the same color and therefore 
same energy output as before. A star moving along arrow #2 
would increase in luminosity and decrease in temperature. It 
would also increase in size, since it would need to produce a 
greater luminosity even though each unit area of its surface 
would now be producing less energy. A star moving along 
arrow #3 maintains the same luminosity while increasing its 
surface temperature. It will become smaller, since a unit area 
of this star will increase its energy and therefore a smaller T 

overall area will be needed to maintain the same luminosity. 

A star moving along arrow #4 decreases in both surface temperature and luminosity. Finally, a star 
moving along arrow #5 will decrease in luminosity while maintaining the same surface temperature 
and decreasing in size. Note that these arrows do not necessarily represent “natural” paths for stars 
on the H-R diagram. 

5. The H-R diagram is a plot of luminosity versus surface temperature of a star and therefore does not 
directly tell us anything about the core of a star. However, when considered in conjunction with 
theories of stellar evolution, the H-R diagram does relate to the interior of a star. For instance, all 
main sequence stars are fusing hydrogen to helium in their cores, so the location of a particular star 
on the main sequence does give us that information. 

6. The fate of a star depends on the mass of the star remaining after the red giant phase. If the mass is 
less than about 1 .4 solar masses, the star will become a white dwarf. If the mass is greater than this 
limit, than the exclusion principle applied to electrons is not enough to hold the star up against its 
own gravity and it continues to contract, eventually becoming a neutron star or, if its mass at this 
stage is more than two or three solar masses, a black hole. 
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[ 7 ] Yes. Hotter stars are found on the main sequence above and to the left of cooler stars. If H-R 

diagrams of clusters of stars are compared, it is found that older clusters are missing the upper left 
portions of their main sequences. All the stars in a given cluster are formed at about the same time, 
and the absence of the hotter main sequence stars in a cluster indicates that they have shorter lives 
and have already used up their core hydrogen and become red giants. In fact, the “turn-off’ point, or 
point at which the upper end of the main sequence stops, can be used to determine the ages of 
clusters. 

8. The baseline used in measuring parallaxes from the Earth is the distance from the Earth to the Sun. 
(See Figure 44-11.) If you were measuring parallaxes from the Moon instead, you would need to 
make a slight correction based on the position of the Moon with respect to the Earth-Sun line at the 
time of the measurement. If you were measuring parallaxes from Mars, you would need to use the 
distance from Mars to the Sun as the baseline. In addition, you would need to wait half a Martian 
year between measurements instead of half an Earth year. 

9. Watch the star over a period of several days and determine its period through observation. Use the 
known relationship between period and luminosity to find its absolute luminosity. Compare its 
absolute luminosity to its apparent luminosity (observed) to determine the distance to the galaxy in 
which it is located. 


10. A geodesic is the shortest distance between two points. For instance, on a flat plane the shortest 
distance between two points is a straight line, and on the surface of a sphere the shortest distance is 
an arc of a great circle. According to general relativity, space-time is curved. Determining the nature 
of a geodesic, for instance by observing the motion of a body or light near a large mass, will help 
determine the nature of the curvature of space-time there. 

11. If the redshift of spectral lines of galaxies were discovered to be due to something other than 
expansion of the universe, then the Big Bang theory and the idea that the universe is expanding 
would be called into question. However, the evidence of the cosmic background microwave 
radiation would conflict with this view, unless it too was determined to result from some cause other 
than expansion. 


12. No. In an expanding universe, all galaxies are moving away from all other galaxies on a large scale. 
(On a small scale, neighboring galaxies may be gravitationally bound to each other.) Therefore, the 
view from any galaxy would be the same. Our observations do not indicate that we are at the center. 
(See Figure 44-23.) 


13. 


They would appear to be receding. In an expanding universe, the distances between galaxies are 
increasing, and so the view from any galaxy is that all other galaxies are moving away. 


14. An explosion on Earth would be affected by the Earth’s gravity and air resistance. Each piece of 
debris would act like a projectile, with its individual initial velocity. More distant particles would not 
spread at a higher speed. This corresponds somewhat to a closed universe, in which the galaxies 
eventually stop and then all come back together again. In the case of the explosion on Earth, most of 
the particles would eventually stop. Most would land on the ground. Some might escape into space. 
The particles would not all reassemble, as in the “big crunch.” 


15. Black holes have tremendous gravity, so we can detect them by the gravitational deflection of other 
objects in their vicinity. Also, matter accelerating toward a black hole gives off x-rays, which can be 
detected. In addition, gravitational lensing, the bending of light coming from stars and galaxies 
located behind the black hole, can indicate that the black hole is present. 


© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they 
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

632 





Chapter 44 


Astrophysics and Cosmology 


16. R = 2GM/c 2 , so M = Rc 2 /2G . 

M=( 5.29 x 10' n )(3.00 x 10 8 ) 2 /[2(6.67x 10' n )] = 3.57 x 10 16 kg 

17. Both the formation of the Earth and the time during which people have lived on Earth are on the far 
right edge of Figure 44-30, in the era of dark energy. 

18. The 2.7 K cosmic microwave background radiation is the remnant radiation of the Big Bang. As the 
universe expanded, the wavelengths of the Big Bang radiation lengthened and became redshifted. 

The 2.7 K blackbody curve peaks at a wavelength of about 7.35 cm, in the microwave region. The 
temperature of this radiation is low because the energy spread out over an increasingly large volume 
as the universe expanded. 

19. The early universe was too hot for atoms to exist. The average kinetic energies of particles were high 
and frequent collisions prevented electrons from remaining with nuclei. 

20. (a) Type la supernovae have a range of luminosities that can be extracted from their observable 

characteristics and can be derived from the rate at which they brighten and fade away. 

(b) The distance to a supernova can be determined by comparing the relative intensity to the 
luminosity. 

21. The initial Big Bang was not perfectly symmetric. Deviations in the symmetry enabled the 
development of galaxies and other structures. 

22. If the average mass density of the universe is above the critical density, then the universe will 
eventually stop its expansion and contract, collapsing on itself and ending finally in a “big crunch.” 
This scenario corresponds to a closed universe, or one with positive curvature. 

23. If there were 7 protons for every neutron, and it takes two protons and two neutrons to create a 
single helium nucleus, then for every helium nucleus there would be 12 hydrogen nuclei. Since the 
mass of helium is four times the mass of hydrogen, the ratio of the total mass of hydrogen to the 
total mass of helium should be 12:4, or 3:1. 

24. (a) Gravity between galaxies should be pulling the galaxies back together, slowing the expansion of 

the universe. 

(b) Astronomers could measure the redshift of light from distant supemovae and deduce the 

recession velocities of the galaxies in which they lie. By obtaining data from a large number of 
supernovae, they could establish a history of the recessional velocity of the universe, and 
perhaps tell whether the expansion of the universe is slowing down. 


Solutions to Problems 


0 


Convert the angle to seconds of arc, reciprocate to find the distance in parsecs, and then convert to 
light years. 


(j) = (2.9 x 1CT 4 ) 0 



1.044" 


d (pc) 


1 

7 


1 

1.044" 


0.958pc 


3.26 ly^ 
lpc , 
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2. Use the angle to calculate the distance in parsecs, and then convert to light years. 

3. 704 pc — > 3.704 pc 




^3.261y^ 


f 0.27" 


lpc 


J 


12 ly 


3. Convert the light years to parsecs, and then take the reciprocal of the number of parsecs to find the 
parallax angle in seconds of arc. 

1 


65 ly 


^ lpc ^ 


3.26 ly 


= 19.94 pc « 20pc (2 sig. fig.) 


19.94 pc 


0.050 


The reciprocal of the distance in parsecs is the angle in seconds of arc. 
(a) f = — l — = — — = 0.01786 « |o.018* 


t/(pc) 56pc 


r i° A 

(. b ) 0.01786" U (4.961 x 10' 6 )° * (5.0 xlO -6 ) 

^ 3600" J V ’ l V ’ 


5. The parallax angle is smaller for the further star. Since tan tf> - d/D , as the distance D to the star 
increases, the tangent decreases, so the angle decreases. And since for small angles, tan <f> « (j ) , we 


have that (f> ~ d/ D . Thus if the distance D is doubled, the angle <f> will be smaller by a factor of 2 


6. Find the distance in light years. That value is also the time for light to reach us. 

| to reach us. 


85 pc 


^ 3.26 ly ^ 


lpc 


= 277 ly « 280 ly — > It takes light 280 years 


[ 7 ] The apparent brightness of an object is inversely proportional to the square of the observer’s distance 
from the object, given by Eq. 44-1. To find the relative brightness at one location as compared to 
another, take a ratio of the apparent brightness at each location. 

L 


^Jupiter 47rt/j u p^t cr ^Earth 


Andl 


Jupiter 


f . V 

a Earth 
y ^Jupiter J 


f x V 


5.2 y 


0.037 


i. (a) The apparent brightness is the solar constant, 1.3xl0 3 w/m 


( b ) Use Eq. 44-1 to find the intrinsic luminosity. 

b = — L — L - 4xd 2 b = 4/r(l.496 x 10 u m 2 ) 2 (l.3 x 10 3 w/m 2 ) : 

And 1 V ’ V ’ 


3.7 x 10 W 


9. The density is the mass divided by the volume. 


M M 


P 


1.99 x 10 30 kg 


V 3 71 r f/r(6xl0 10 m) 


2x10 3 kg/m 3 
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10 . 


The angular width is the inverse tangent of the diameter of our Galaxy divided by the distance to the 
nearest galaxy. According to Figure 44-2, our Galaxy is about 100,000 ly in diameter. 

Galaxy diameter , 1.0xl0 5 ly 

(j) = tan = tan 

Distance to nearest galaxy 2.4 x 10 6 ly 


0.042 rad 


! 2.4° 


= tan 


Moon diameter 

= tan 

Distance to Moon 


3.48 x 10 6 m 
3.84 x 10 8 m 


9.1 x 10~ 3 rad 


o 


The Galaxy width is about 4.5 times the Moon width. 


1 1 . The Q- value is the mass energy of the reactants minus the mass energy of the products. The masses 
are found in Appendix F. 

"He+ 2 He -> *Be 

Q = 2m He c 2 -m Be c 2 = [2(4.002603u)-8.005305u]c 2 (931.5Mev/c 2 


)- 


-0.092 MeV 


2 He +* Be 12 C 

Q = m Bt c 2 + m Uc c 2 - m c c 


7.366 MeV 


[4.002603 u + 8.005305 u - 12.000000] c 2 (93 1 .5 Mev/c 2 ) 


12. The angular width is the inverse tangent of the diameter of the Moon divided by the distance to the 
Sun. 


Moon diameter 3.48 xlOm 

' = tan = tan 


Distance to Sun 


1.496x10 m 


2.33 x 10 -5 rad 


: (l.33xl0 _3 )° « 4.79" 


13. The density is the mass divided by the volume. 


M 


P- 


V | kR . a 

3 Earth ^ 


1 .99 x 10 kg 
^•(6.38xl0 6 m^ 


1.83 xlO 9 kg/m 3 


Since the volumes are the same, the ratio of the densities is the same as the ratio of the masses. 
M 1.99xl0 30 kg 


P 

Pe arth ^Earth 


5.98xl0 24 kg 


3.33 x 10 times larger 


14. The density of the neutron star is its mass divided by its volume. Use the proton to calculate the 
density of nuclear matter. The radius of the proton is taken from Eq. 41-1. 

M 1.5(l.99xl0 3 °kg) 


P neutron T/ - 

star V — 


7T\ 


Pi 


neutron 

star 

P white 

dwarf 


(llxl0 3 m) 

5.354 x 10 17 kg/m 3 
1.83 xlO 9 kg/m 3 


• = 5.354 x 10 17 kg/m 3 * 5.4 x 10 17 kg/m 3 


2.9x10 


P neutron 
star 

P nuclear 
matter 


5.354 xlO 17 kg/m 3 
1.673 x 10~ 27 kg 
j^(l.2x 10~ 15 m) 


2.3 
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15. Wien’s law (Eq. 37-1) says that the A p T = a , where a is a constant, and so A PI T X = A P2 T 2 . The 

Stefan-Boltzmann equation (Eq. 19-17) says that the power output of a star is given by P = (3 AT * , 
where f3 is a constant, and A is the radiating area. The P in the Stefan-Boltzmann equation is the 
same as the luminosity L in this chapter. The luminosity L is related to the apparent brightness b by 
Eq. 44-1. It is given that bjb 2 = 0.091 , d x =d 2 , A PI = 470 nm, and A P1 = 720 nm. 


A T = A T -y Al = Al ; b x = 0.091Z), -* 

T /L ' 4 nd: 


L ' = 0.091— ^2— 
4nd: 


-y 


, d\ 0.091 L 2 0.0917) 0.091 A 2 T* (0.09l)4^r, 2 T, 4 nnn ,T?r? 

1 = -E = T = T = = 5 l - — A — Q_ 09 1 — 2 — — 

d] L P x AT* 4 nr x T* T* r x 


r T \ 2 

1 2 


- L = v/0.091 -4- = V0.091 




f 0 V 

A>2 

V Ai J 


- Vo. 091 


^470nm V 
v 720nm j 


= 0.1285 


D. 

The ratio of the diameters is the same as the ratio of radii, so — L = 0.13 

A 


16. Wien’s law (Eq. 37-1) says that the A V T - a , where a is a constant, and so A n T x - A V2 T 2 . The 

Stefan-Boltzmann equation (Eq. 19-17) says that the power output of a star is given by P - ft AT * , 
where fd is a constant, and A is the radiating area. The P in the Stefan-Boltzmann equation is the 
same as the luminosity L in this chapter. The luminosity L is related to the apparent brightness b by 
Eq. 44-1. It is given that b t =b 2 , r x = r 2 , A n = 750 nm, and T p , = 450 nm. 

AfJi = A V2 T 2 -y §- = ^- 

A A>2 


\ = b 2 “> 


And 2 And: 


pat: 

PAP 4 


Anr 2 T* 

Anr x T* 


1 2 


-y 


d, 


r T ^ 
1 2 ' 

2 

/l Pl 

2 

f 750^ 

Uj 


kAi ) 


1 450 J 


= 2 . 


The star with the peak at 450 nm is 2.8 times further away than the star with the peak at 750 nm. 


17. The Schwarzschild radius is 


2 GM 


R 2GM Earth 


2(6.67 x 10 -11 N-m 2 /kg 2 )(5.98 x 10 24 kg) 
(3.00x10 s m/s) 2 


= 8.86 x 10~ m 


1.9 mm 


2 GM 

18. The Schwarzschild radius is given by R - — - — . An approximate mass for our Galaxy is 

c 


calculated in Example 44-1. 

2 GM 2(6.67 x 10 11 N-m 2 /kg 2 )(2 x 10 41 kg) 


R = 


(3.00 x10 s m/s) 2 


= 3 x 10 m 
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19. The limiting value for the angles in a triangle on a sphere is 540° . Imagine drawing an equilateral 
triangle near the north pole, enclosing the north pole. If that triangle were small, the surface would 
be approximately flat, and each angle in the triangle would be 60° . Then imagine “stretching” each 
side of that triangle down towards the equator, while keeping sure that the north pole stayed inside 
the triangle. The angle at each vertex of the triangle would expand, with a limiting value of 1 80° . 
The three 1 80° angles in the triangle would sum to 540° . 


20. To just escape from an object, the kinetic energy of the body at the surface of the body must be equal 
to the magnitude of the gravitational potential energy at the surface. Use Eq. 8-19. 


2 GM 


X 


2 GM 
' 2GM!c 2 


■0 


21. We find the time for the light to cross the elevator, and then find how far the elevator moves during 
that time due to its acceleration. 

Ax . , ,. v g(Ax) 2 _ (9.80 m/s 2 ) (2.4m) 


A t = — ; Ay = yg(At) =■ 


c 2 c 2 (3.00 x10 s m/s)" 

Note that this is smaller than the size of a proton. 


1.3 x 10 6 m 


22. Use Eq. 44-4, Hubble’s law. 


TTJ v 1850km/s 

v = Hd -» d = — = 


H 22km/s/Mly 


84 Mly = 8.4x10 ly 


23. Use Eq. 44-4, Hubble’s law. 

v (0.015)(3.00xl0 s m/s) — 

v = Hd -> d=- = - X L - 204.5 Mly « 2.0 xlO 2 Mly I = 2.0xl0“ly 

H 2.2x10 m/s/Mly 


24. (a) Use Eq. 44-6 to solve for the speed of the galaxy. 

► v = c 


z = 


A>bs Aest _ V 


^455nm -434nm ^ 


A 


V 


434 nm 


= 0.04839c 


0.048 c 


J 


( b ) Use Hubble’s law, Eq. 44-4, to solve for the distance. 


v = Hd — > d - — = 
H 


0. 04839(3. 00x10 s m/s) 
22000 m/s/Mly 


= 660 Mly® 6.6xl0 s ly 


|25.| We find the velocity from Hubble’s law, Eq. 44-4, and the observed wavelength from the Doppler 
shift, Eq. 44-3. 

(a) r = ™ U 2 2000m/s/ M ly)(7.0Mly) =5 133 ^ 
c c 3.00 x10 s m/s 


T = U 


1 + v/c 
1 - v/c 


= (656nm), 


1 + 5.133 x 10 
1 - 5.133 x 10 


= 656.34 nm 


656 nm 
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v m ( 22000 m/s/Mly) (70 Mly ) 
c c 3.00 x10 s m/s 

ll + v/c , x /l + 5. 133 X 10 3 

A -A. — =(656nm), - = 659.38 nm « 659 nm 

VI -v c V 1 -5.133x 10 3 


1 + v/c 
1 - v/c 


26. Use Eqs. 44-3 and 44-4 to solve for the distance to the galaxy. 

. _ . l l + v/c _ (A; bs - A ~ st ) 

obs= "‘W v = c (4 s +4.) 

d v c (AL-AL t) (3.00 x IQ 8 m/s) (423.4 nm) 2 - (393,4 nm)' 
~ H ~ H (4 S + AL) ~ (2.2 x 10 4 m/s/Mly) [(423.4 nm) 2 + (393.4 nm/ 


d = — = — 


= 1.0xl0 3 Mly = 1.0 x 10 9 ly 


27. Use Eqs. 44-3 and 44-5a to solve for the speed of the galaxy. 


^obs ^rest ^obs j 


(z + l) 2 -1 _ 1.060 2 -1 
(z + 1) 2 + 1 _ 1.060 2 + 1 


ll + v/c 
1- v/c 


-1 -> 


= 0.05820 -> v= 0.058c 


The approximation of Eq. 44-6 gives v-zc- 0.060 c . 


28. Use Eqs. 44-3 and 44-5a to solve for the redshift parameter. 


A . — A A . 

obs rest obs 1 


1 + v/c 
1 - v/c 


1 + 0.075 
1-0.075 


-1= 0.078 


Or, we use the approximation given in Eq. 44-6. 


V | 
z « — = | 
c 
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30. For small relative wavelength shifts, we may use Eq. 44-6 to find the speed. We use Eq. 44-4 to find 
the distance. 

v A2 A2 

v = c - — ; v = Ha — > 


2 


d _ v _ c A2 


2 




H HI 


■rest V. 


3.00x IQ 8 m/s 
22,000m/s/Mly 


0.10 cm 
21cm 


65Mly 


|31.| Wien’s law is given in Eq. 37- 1 . 


A p T = 2.90xl0“ 3 m*K A p 


2.90xl0“ 3 m*K 2.90xl0“ 3 m-K 


2.7K 


1.1x10 m 


32. We use Wien’s law, Eq. 37-1. From Figure 44-30, the temperature is about 10 10 K. 


AyT = 2.90 x 10“ 3 m*K -A A p = 


2.90xl0“ 3 m*K 2.90xl0“ 3 m-K 


10 10 K 


^•= 


3x10 m 


From Figure 31-12, that wavelength is in the gamma ray| region of the EM spectrum. 
33. We use the proton as typical nuclear matter. 


10 - if) 

1 nucleon ' 

= 

6 nucleons/m 3 

V m J 

U .67x10 kg J 




34. If the universe’s scale is inversely proportional to the temperature, the scale times the temperature 
should be constant. If we call the current scale “ 1 ,” and knowing the current temperature to be about 
3 K, then the product of scale and temperature should be about 3. Use Figure 44-30 to estimate the 
temperature at various times. For purposes of illustration, we assume the universe has a current size 
of about 10 10 ly. There will be some variation in the answer due to reading the figure. 

(a) At t = 10 6 yr , the temperature is about 1000 K. Thus the scale is found as follows. 

3 3 

(Scale) (Temperature) = 3 — > Scale = - 


Temperature 1000 


3x10“ 


Size ^ (3 x 1 0 3 ) (l Q 10 ly ) = 1 3 x 1 Q 7 ly 


(b) At t = 1 s , the temperature is about 10 "K . 

3 3 


Scale = 


Scale = 


Temperature 10 
mperature is 
3 3 


3x10“ 


Size » (3 x 1 0~ 1Q ) (l Q 10 ly ) = |31y 


(c) At t — 10 6 s , the temperature is about 10 13 K . 


Temperature 10 


3x10 


-13 


Size « (3x1 0“ 13 )(l0‘°ly) = |3x 10“ 3 ly 


3x 10 L ’m 


(d) At t - 10 35 s , the temperature is about 10“ 7 K . 


Scale = 


3 


3 


Temperature 10 2 


3x10“ 


Size « (3x1 0 27 ) (lO 10 ly) = 3x 10“ 17 ly * 


0.3 m 
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35. We approximate the temperature-energy relationship by kT - E = me as suggested on page 1217. 


, _ 9 tnc 

kT = mc~ — > T = 


(a) T = 


me 

k 


(500 MeV/c 2 ) c 2 ( 1 .60 x 1 0~ 13 J/MeV) 


1.38x10 - 3 J/K 


= 6x10 K 


From Figure 44-30, this corresponds to a time of ~ 10 5 s 


(b) T = 


me 

k 


( 9500 MeV/c 2 ) c 2 (l .60 x 1 0~ 13 J/MeV) 


1.38 x 10 J/K 


= 1 x 10 4 K 


From Figure 44-30, this corresponds to a time of —10 7 s 


(c) T = 


me 

k 


( 1 00 MeV/c 2 ) c 2 (l .60 x 1 0~ 13 J/MeV) 


1.38 x 10 J/K 


= 1 x 10 12 K 


From Figure 44-30, this corresponds to a time of 


10^s 


There will be some variation in the answers due to reading the figure. 

36. (a) According to the text, near Figure 44-33, the visible matter makes up about one-tenth of the 

total baryonic matter. The average baryonic density is therefore 1 0 times the density of visible 
matter. 

M , 


Pi 


baryon 


: ^visible = 10 


f 7tR 


= 10 


( 1 0 1 1 galaxies ) ( 1 0 1 1 stars/ galaxy ) ( 2 . 0 x 1 0 30 kg/star ) 




(l4xl0 9 ly)(9.46xl0 15 m/ly)j 


= 2.055 xl0~ 26 kg/m 3 « 2.1x10 26 kg/m 


(b) Again, according to the text, dark matter is about 4 times more plentiful than normal matter, 
"'dark ^ 4 />baryon = 4 ( 2 ‘ 055 X 10 26 kg/ in ) « | 8.2 X 1 0^ kg/l 


P* 


'm 


|37.| (a) From page 1201, a white dwarf with a mass equal to that of the Sun has a radius about the size 
of the Earth’s radius, |6380km|. From page 1202, a neutron star with a mass equal to 1.5 solar 

For the black hole, we use the Schwarzschild radius 


masses has a radius of about 20 km 
formula. 

2GM 2(6.67 x 10~ n N-m 2 /kg 2 )3(l.99 x 10 30 kg) 

R = — — = — —h = 8849m 


(3.00 x 10 8 m/s) 


1.85km 


(6) The ratio is 6380 : 20 : 8.85 = 721 : 2.26 : 1 * |700:2:1 . 
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38. The angular momentum is the product of the rotational inertia and the angular velocity. 


( 7 YUl = ( 7 ®) 


final 

f r 


-> 


CO, 


’final ^initial 


V 7 final J 


0)„ : 


Vf MR Lj 


CO- 


R 


V ^final J 


= (lrev/month) 


7 7 x 10 s m Y 
v 8 x 1 0 3 m y 


= 7.66 x 10 9 rev/month = 7.66 x 10 9 


rev 1 month 1 d 


lh 


month 30 d 24 h 3600 s 


= 2953 rev/s 


3000 rev/s 


39. The rotational kinetic energy is given by \Ico 2 . The final angular velocity, from problem 43, is 
7.66 x 10 9 rev/month . 


K f , .col , 4 MRZ ,col , 

final 2 final final 5 final final 


K 


kl., ,0) 2 .-, : MR 2 .. ,0/ 


initial 2 initial initial 


7 R r ,co r , ^ 

final final 

R ... ,co 


initial initial V initial initial J 


(8xl0 3 m )(7.66xl0 9 rcv/month j 
{l x 10 8 m)(lrev/month) 


8 x 10 9 


40. The apparent luminosity is given by Eq. 44-1. Use that relationship to derive an expression for the 
absolute luminosity, and equate that for two stars. 

L 

b = r — > L - And~b 

And~ 

^distant = An 4 ^Yjistan Aslant = ^AuAun 


star star 


^distant ^Sun 


(l.5 x 10 n m^ 


distant 

star 


10“ 


iiy 


9.461 xlO 1 m 


51y 


41. A: The temperature increases, the luminosity stays the same, and the size decreases. 

B: The temperature stays the same, the luminosity decreases, and the size decreases. 

C: The temperature decreases, the luminosity increases, and the size increases. 

42. The power output is the energy loss divided by the elapsed time. 

A K K t (fraction lost) f l of (fraction lost) \ AMR 1 of ( fraction lost) 


P = 


At At At At 

1 (I.5)(l.99xl0 i “kg)(8.0xl0 j m ) i (2^rad/s) i (lxl0-’) 

5 (ld)(24h/d)(3600s/h) 


1.7 x 10W 


|43.| Use Newton’s law of universal gravitation. 

777 . 777 , 


F = G- 


(6.67xlO~“N.m 2 /kg 2 ) 


(3 x 10 41 kg) 2 


(Yxl0 6 ly)(Y.46xl0 15 m/ly)j 


= 1.68x 10 N 


2x10 28 N 
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44. (a) Assume that the nucleons make up only 2% of the critical mass density, 
nucleon mass density = 0.02(l0 26 kg/m 3 ) 


nucleon number density = 


0.02(l0 26 kg/m 3 ) 


= 0.1 2 nucleon/ m 3 


1.67x10 27 kg/nucleon 

neutrino number density = 10 9 (nucleon number density) = 1.2 x 10 s neutrino/ m 3 

0.98(10- kg/m’) =8 , 7 x10 - 3 .^j^ ^xlD-evy = 

1.2 xlO 8 neutrino/m neutrino 1.66x10 ~ 7 kg 

( b ) Assume that the nucleons make up only 5% of the critical mass density, 
nucleon mass density = 0.05 (l0~ 26 kg/m 3 ) 

0.05(l0~ 26 kg/m 3 ) 

nucleon number density = — = 0.30 nucleon/ m 

1.67x10 kg/nucleon 

neutrino number density = 10 9 (nucleon number density) = 3.0 x 10 8 neutrino/ m 3 
0.95 (l 0 26 kg/m 3 ) kg 9.315x10 s eV/c 2 r— TT1 


3.0 x 10 s neutrino/m 3 


, ,, in - 3 s k § 9.315x 10 8 eV/ c 2 | / 2 

= 3.17x10 x — = 18eV/c 

neutrino 1.66x10 kg 


45. The temperature of each star can be found from Wien’s law. 


/LT = 2.90x10 m-K -> 


2.90x10 m-K 

r 660 = = 4390 K 

660x10 m 


2.90x10 m-K 

T m = 1a 9 = 6040 K 

480x10 m 


The luminosity of each star can be found from the H-R diagram. 


A>6o ~ 3 x 1 0 25 W T 480 « 3x10 26 W 

The Stefan-Boltzmann equation says that the power output of a star is given by P - [3 AT* , where 
P is a constant, and A is the radiating area. The P in the Stefan-Boltzmann equation is the same as 
the luminosity L given in Eq. 44-1. Form the ratio of the two luminosities. 

A.S 0 _ MgX 0 _ 4/r 44 ^ ^ / 3xl0 26 W (4390 K) 2 _ ^ 

L m 4/r r 6 2 X 60 r 660 \ L 660 V3xl0 25 W (6040 K) 2 

The diameters are in the same ratio as the radii. 

- 1.67 » fl/7l 

^660 

The luminosities are fairly subjective, since they are read from the H-R diagram. Different answers 
may arise from different readings of the H-R diagram. 

46. (a) The number of parsecs is the reciprocal of the angular resolution in seconds of arc. 


TL l= 3xl0 26 w (4390K) 2 
T; so V3xl0 25 W (6040K) 2 


100 parsec = — 


( Y 1° 1 

' = (0.01") — — = (2.78 x 10“ 6 )° » (3xl0 _ 
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( b ) We use the Rayleigh criterion, Eq. 35-10, which relates the angular resolution to the diameter of 
the optical element. We choose a wavelength of 550 nm, in the middle of the visible range. 

1.22/1 1.22/1 1.22(550xl0“ 9 m) 

0 = -> D = -== =13. 83m 


D 6 [(2.78xl0~ 6 ) o ](/rrad/l80°) 

The largest optical telescopes currently in use are about 10 m in diameter. 


14m 


47. We approximate the temperature-kinetic energy relationship by kT — K as given on page 1217. 

K (l.96xl0 12 eV)(l.60xl0“ 19 J/eV) 
kT = K -> T = — = ± A - ' 


k 


1.38 x 10 J/K 


2 x 10 16 K 


From Figure 44-30, this is in the | hadron era 


48. We assume that gravity causes a centripetal force on the gas. Solve for the speed of the rotating gas, 
and use Eq. 44-6. 


F . = F , . -> G 

gravity centripetal 


mm,, - 9 

gas black 2 

hole gas v gas 




m 


v = \ G- 

gas 1 ' 


black 

hole 


i 


, „ , (2 x 10 9 )(l.99 x 10 3 °kg) 

(6.67 x 10 N-m'/kg )- jA — = 

\ / f o 1 n 15 ™ \ 

(68 ly) 


9.46x10 m 

My 


6.42 x 10 s m/s 


v 6.42x10 m/s 
c 3.00 xlO 8 m/s 


= 2.14x10“ 


2x10“ 


|49.| (a) To find the energy released in the reaction, we calculate the Rvalue for this reaction. From Eq. 
42-2a, the (/-value is the mass energy of the reactants minus the mass energy of the products. 
The masses are found in Appendix F. 

Q = 2 m c c 2 - m Mg c 2 = [2 (12.000000 u) - 23.985042 u]c 2 (93 1 .5 Mev/c 2 ) = 


13.93MeV 


( b ) The total kinetic energy should be equal to the electrical potential energy of the two nuclei when 
they are just touching. The distance between the two nuclei will be twice the nuclear radius, 
from Eq. 41-1. Each nucleus will have half the total kinetic energy. 


r - (l.2 x 10 15 m)(yf) 13 = (l.2 x 10 15 m^(l2)' 


U = 


1 2 

nucleus 

4 ns 0 2 r 


K — \U = j 


1 q 2 

A ni 


4 7is 0 2 r 


= ^(8.988 xl0 9 N-n 2 /c 2 ) 


x (6) 2 ! 

(l .60 x 10 

“ 19 C 3 


f 1 MeV ^ 

2| 

B 

7 

O 

X 

(N 

( 12 ) 

1/3 

/ 1.60 x 1 0 13 J J 


= 4.71 1 MeV 


4.7 MeV 


(c) We approximate the temperature-kinetic energy relationship by kT - K as given on page 
1217. 

K (4.71 1 MeV)(l.60 x 10“ 13 J/MeV) 
kT = K -> T = — = - M 


1.38 x 10 J/K 


5.5 x 10 K 
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50. (a) Find the (9-value for this reaction. From Hq. 42-2a, the (7- value is the mass energy of the 
reactants minus the mass energy of the products. 


10+ “O 


“Si+^He 


Q = 2 m Q c 2 - m Si c 2 - m Ht ,c 2 = [2 (15.994915 u) - 27.976927 u - 4.002603] c 2 (93 1 .5 Mev/c 2 ) 


9.594 MeV 


(. b ) The total kinetic energy should be equal to the electrical potential energy of the two nuclei when 
they are just touching. The distance between the two nuclei will be twice the nuclear radius, 
from Eq. 41-1. Each nucleus will have half the total kinetic energy. 


r = (l.2xl0~ 15 m)(y4) 1/3 =(l.2xl0" 15 m)(l6) 1 ' 


1 2 

_1_ tj J 7 nucleii 

v nucleus 2 2 , ~ 

Aks 0 2 r 


U = 


1 7n, 


47t£ 0 2 r 


, OF 

(l. 60x10 

19 c) 

2 

1 

2\ 

1.2x 10 * 5 m) 

(16) 

1/3 


leV 


1.60x10 J 


= 7.609 MeV 


7.6 MeV 


(c) We approximate the temperature-kinetic energy relationship by kT - K as given on page 
1217. 


K 

kT - K -> T = — = 
k 


(7.609 xl0 6 eV) 


1.60xl0‘ 9 U 

leV 


1.38x10 - 3 J/K 


1.8 x 10 10 K 


51. We treat the energy of the photon as a “rest mass,” and so m photon " = " E photon c . To just escape 

from a spherical mass M of radius R, the energy of the photon must be equal to the magnitude of the 
gravitational potential energy at the surface. 

GMm photo n _ GM(E photo Jc 2 ) 


photon 


GMm 

R 


photon 


-> R = 


photon 


photon 


GM 


52. We use the Sun’s mass and given density to calculate the size of the Sun. 

M M 
P = — = 


V t^Sun 




f 3 

1/3 

" 3| 

M 

O 

m 

o 

X 

Q\ 
G ) 


\4np ) 

4n\ 

(l0" 6 kg/m 3 ' 

)_ 


3.62x10* ni 


^Earth-Sun 1-50x10 U1 


2 x 10 7 


= 3.62 x 10 m 
;un 382 ly 


iiy 


9.46x10* m 


= 382 ly « 400 ly 


d 


galaxy 


1 00,000 ly 


4x10“ 
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53. We approximate the temperature-kinetic energy relationship by kT - K as given on page 1217. 

K (l4xl0 12 eV)(l.60xl(T 19 J/eV) 


kT = K T = — = 
k 


1.38x10 J/K 


From Figure 44-30, this might correspond to a time around 
rough estimate due to the qualitative nature of Figure 44-30. 


= 1.6 x 10 K 

. Note that this is just a very 


10 15 s 


54. (a) 


We consider the photon as 
entering from the left, grazing the 
Sun, and moving off in a new 
direction. The deflection is 
assumed to be very small. In 
particular, we consider a small part 
of the motion in which the photon 
moves a horizontal distance 
dx - cdt while located at (x,y) 
relative to the center of the Sun. 

Note that y « R and r 2 = x 2 + y 2 . 

If the photon has energy E, it will 
have a “mass” of m = Ej c 1 , and a 
momentum of magnitude p = E/c - me. To find the change of momentum in the y-dircction, 
we use the impulse produced by thcy-componcnt of the gravitational force. 

GMm „ dx GMm R dx GMmR dx 
dp - F dt 

r y y 



-cost? — = -- 

C 


r C 


{x 2 + R 2 ) m 


To find the total change in the y-momentum, we integrate over all x (the entire path of the 
photon). We use an integral from Appendix B-4. 


A Py = I 


GMmR 


dx 


GMmR 


(x 2 +R 2 ) 


c R 2 (x 2 + R 2 )' 


2 GMm 2 GMp 


cR 


c 1 R 


The total magnitude of deflection is the change in momentum divided by the original 
momentum. 


A0 = 


(6) We use data for the Sun. 


A Py 

c 2 R 

2GM 

P 

P 

c 2 R 


Ad = 


2GM 

c 2 R 


2 6.67x10 


u N»m 

kg 2 


(l.99xlO ,0 kg) 


= 4.238 x 10 rad 


(3.00xl0 8 m/s) 2 (6.96xl0 8 m) 
180° Y 3600" 


n rad ) v 1° 


0.87° 
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55. Because Venus has a more negative apparent magnitude, Venus is brighter . We write the 
logarithmic relationship as follows, letting m represent the magnitude and b the brightness. 
777 = k log b ; /77 2 - m ] = k ( log b 2 - log b ] ) = k log ( b 2 / b ] ) — > 

+5 


k = 


777 2 - 772, 


log {p 2 /b\) log (0.0 l) 


= -2.5 


m 


-m l =k\og{b 1 lb^) — » — = 10 


L ^ Venus ~ w Sirius 

^Venus — J Q -2.5 
^Sirius 


-4.4+1 .4 


= 10 


-2.5 _ 


16 


56. If there are N nucleons, we assume that there are approximately \ N neutrons and \ V protons. 
Thus, for the star to be neutral, there would also be jN electrons. 

(a) From Eq. 40-12 and 40-13, we find that if all electron levels are filled up to the Fermi energy 
E ¥ , the average electron energy is J -E F . 




8/77,. 


IK 

n V 


v 2/3 


3 0^ h 2 f 3 


J 


8/77, 


N_ 
n 2V 


\ 2/3 


( b ) The Fermi energy for nucleons would be a similar expression, but the mass would be the mass 
of a nucleon instead of the mass of the electron. Nucleons are about 2000 times heavier than 
electrons, so the Fermi energy for the nucleons would be on the order of 1/1000 the Fermi 
energy for the electrons. We will ignore that small correction. 


To calculate the potential energy of the star, think about the 
mass in terms of shells. Consider the inner portion of the 
star with radius r <R and mass m, surrounded by a shell of 
thickness dr and mass dM. See the diagram. From Gauss’s 
law applied to gravity, the gravitational effects of the inner 
portion of the star on the shell are the same as if all of its 
mass were at the geometric center. Likewise, the 
spherically-symmetric outer portion of the star has no 
gravitational effect on the shell. Thus the gravitational 
energy of the inner portion-shel) combination is given by a 

mdM 

form of Eq. 8-17, dU = -G . The density of the star 



is given by p - 


M 


jxR 3 


We use that density to calculate the masses, and then integrate over the 


full radius of the star to find the total gravitational energy of the star. 
M 


777 


p(jx t - 3 ) : 


f/T R 


3 (l^ r 3) =M 


R 


dM = pi^Anr 2 dr ) = — -(4 nr 2 dr} - 

, r 3 3 Mr 2 
M — —dr 

dU= _ G adK = _ G s’ si — 


?> Mi- 
ll' 


dr 


3GM- 

R 6 


r 4 dr 
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-i- 

o V 


2 A 


3 GM 4 

—r 

R 


dr - - 


J 


3GM 2 
R 6 


]( rA ) dr = 


3GM R 5 
R 6 5 


3 GM ~ 


5 R 


(c) The total energy is the sum of the two terms calculated above. The mass of the star is primarily 
due to the nucleons, and so M - Nm„ 


^nucleon ' 


„ rr 3i 

f 1 ^ 

1 h 2 1 

( 3 N' 

E +U = -\ 

-N 



e 5 

U 7 

8/77 c 

Vn2V j 


2/3 3 GM 2 


5 R 


3h 2 

' M A 

' 3 M ^ 

2/3 . 

3 GM 2 

9 2,3 3h 2 M 513 3 GM 2 

80777 

e 

V ^nucleon J 

U 2m nudeon I ^ 7 

5 R 

320^ 4/3 7?7 7?7 5/3 , R 2 5 R 

e nucleon 


Let a = 


r,2/3-> i 2 , ,5/3 

9 3/7 M 

Ton 4/3 5/3 

3 2(J/r 777 777 , 

e nucleon 


3 ci b 

and b = — GM 1 , so is total = — . We set dE toa JdR = 0 to find 

5 A 7/ 


the equilibrium radius. 


dE t .. 2a b 

— SfiL = + — = 0 -> = — = 

dR R R eq b 


9 2l3 3h 2 M 5li 

2 

o Ton 4/3 5/3 

2a 320/T 777 777 . 

e nucleon 


-GM 2 

5 


9 2/3 h 2 


^ ^ 4/3 /'-■» * ^ 1/3 5/3 

3z/r C/M m m , 

e nucleon 


We evaluate the equilibrium radius using the Sun’s mass. 
R =- 


9 2l3 h 2 


32rt GM m ni , 

e nucleon 


9 2/3 (6.63x1(T 34 J.s) 2 


32/r 


6.67 x 10~ u (2.0 x 10 30 kg)‘ ,J (9.1 1 x 10~ 31 kg) (l.67 x 10~ 27 kg) 5 


kg 


= 7.178xl0 6 m » 7.2xl0 3 km 


57. There are TV neutrons. The mass of the star is due only to neutrons, and so M - Nm n . From Eqs. 
40-12 and 40-13, we find that if all energy levels are filled up to the Fermi energy E F , the average 
energy is jE f . We follow the same procedure as in Problem 56. The expression for the 


gravitational energy does not change. 


K = «„(! £,) = (»)! 


h 2 


8777 n 

2/3 


3 N 


n V ) 

3(18 fVM 5/3 3 GM 


'm) 

\ m «) 

2 


3h 2 


40m 


3 M 


n V 


n \nR m 


n 7 


3 (l 8) 2 3 h 2 M 513 

160/r 4/ V /3 i? 2 


F = F +TT = 

^ total w ™ 4/3 8/3 r>2 


Let a = 


1 60 u 3 tnd R 
3(1 8) 2 3 h 2 M 5/3 


5 R 


160/r 4/3 mf 

equilibrium radius. 


3 a b 

and b = —GM 2 , so £’ total = — ; . We set dE tota JdR - 0 to find the 

5 R~ R 
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3(18 ) 2/ VM 5/3 

^ _ 2a b _ Q n _2a_ 160^ 4/ V /3 _ ( 1 8) 2 3 h 2 

dR R 3 tf 2 eq 6 —GM 2 16 n m GM m rn^ 

5 

We evaluate the equilibrium radius for a mass of 1.5 solar masses. 

(18 Th 2 

eq 16;r 4/3 GM 1/3 < 3 

18 2/3 (6.63x10 _34 J-s) 2 

16/r 4/3 6.67 x KT 11 j [l. 5(2.0 x 10 3 °kg)]‘ ' (l.67 xKT 27 kg) 83 
= 1.086xl0 4 m» 11km 


58. We must find a combination of c, G, and Tt that has the dimensions of time. The dimensions of c 


are — , the dimensions of G are 

T 


t p = c a G p h y -> [rl= - — 

L J T MT 


, and the dimensions of h are 


= [ L ]. +v+ 2, 


a + 3/3 + 2/ - 0 ; y -ft - 0 ; -a -2f5-y = 1 — > a + 5/? = 0 ; a = -1 -3/? — > 
-5^ = -1-3 /? -> p = \;y = \-a = - f 
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